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Abstract

Bacterial contamination of blood products is a major risk in transfusion medicine, with
bacterial attachment and biofilm formation a potential source for false negative results of
bacterial platelet contamination. Understanding platelet bag (PB) surface properties could
improve understanding of how bacteria adhere to these surfaces. PB surfaces were
analysed using scanning electron microscopy, optical surface profiling, Fourier transform
infrared spectroscopy, RAMAN spectroscopy, goniometry, energy dispersive X-ray and a
tensiometer. Initial findings demonstrated that the PBs had two distinct surfaces, a rough
diamond patterned surface and a smoother surface. Two surface altering methods were
used; PBs surfaces were flattened to remove surface features, which can increase bacterial
attachment, and treated with low temperature atmospheric pressure plasma, with
flattening demonstrating surface feature changes and plasma treatment being unsuitable.
Staphylococcus epidermidis and Serratia marcescens biofilms grown on the surfaces
demonstrated reduced biomass formation on the flattened surface after 5 days.
Conditioning films on the surfaces of the bacteria, human plasma and human plasma
combined with one of the bacteria demonstrated that the human plasma alone altered the
surface properties the most, especially the roughness, surface chemistry and surface
physicochemistry. When human plasma was combined with bacteria, changes were also
determined but differed to when human plasma was tested alone.

Finally, testing the effects of bacteria on platelets demonstrated that planktonic bacteria
had little effect on platelet activation and viability, whilst biofilms halved platelet
aggregation but did not affect activation. Western blots demonstrated that protein
expression could be affected, particularly by biofilms. Further, release of RANTES by the
platelets was doubled when incubated with bacterial biofilms.

The results demonstrated the significance surface properties had on bacterial attachment
and biofilm formation as well as how conditioning films altered the surface properties and
how biofilms were able to affect platelets.
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1.0 Introduction

Bacterial contamination of blood products poses one of the biggest risks of transfusion
medicine (Blajchman et al., 2005). This contamination is most commonly associated with
transfusion of platelet concentrates (PC) due to their storage conditions within the blood
bank, providing ideal conditions for bacterial growth and proliferation. It is reported that
approximately 1 in 2000-5000 PCs are contaminated (Greco et al., 2007; Greco-Stewart et
al., 2012; Martini et al., 2012). However, use of bacterial detection systems within the
national blood banks such as the BacT/Alert microbial detection system minimise the
likelihood of transfusing a contaminated unit. Whilst the reported incidence of culture
confirmed sepsis in platelet contamination is around 1 in 100,000, a higher incidence rate
of 1 in 25,000 has been estimated, with higher rates likely due to under reporting of
transfusion-related sepsis (Blajchman et al., 2005; Greco et al., 2007). However, a more
recent study has demonstrated that a retrospective review during a study indicated that 1
in 10,720 patients demonstrated clinical symptoms of a transfusion reaction due to high
bacterial loads in the transfused unit (Hong et al., 2016). Although systems like the
Bact/Alert system significantly reduces the risk of transfusion infections, they still may
produce false negative results due to low initial bacterial concentration or due to the
formation of bacterial biofilms within the PC during storage. One study demonstrated that
2.6 % of the negative results, when subsequently cultured onto agar, demonstrated
bacterial growth (Kocoglu et al., 2005).

Most studies into PC contaminations fall into two categories: (1) data from artificial
contamination of PCs, or (2) data from the study of transfusion-related infection cases or

infected PCs detected before transfusion. Most data obtained from artificial
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contamination is aimed at determining the levels of bacteria required to cause sepsis, how
bacteria grow within PC units or influence PCs and the best method to determine
contamination. Data obtained from studies involving real-world patient data typically
examines different surveillance systems and rates of unit and patient contamination, the
amounts of which vary within the literature. Reviews by Hillyer et al. (2003) and Blajchman
et al. (2005), summarising evidence from nine independent studies, concluded that
approximately 1 in 3000 units were contaminated and approximately 1 in 25,000
transfusions lead to some form of sepsis. However, the studies reviewed were performed
prior to the widespread implementation of additional detection methods such as the
BacT/Alert detection system (Corash, 2011). Corash (2011) summarised that four studies
using both aerobic and anaerobic cultures had a contamination rate ranging from 1in 994
to 1in 1567, two to three times that stated by Blajchman et al. (2005). This is notable, as
in an American Red Cross (ARC) study, where only positive aerobic cultures were
confirmed, it was estimated that 1 in 6041 PC units was contaminated. This meant that
studies that used both aerobic and anaerobic bottles detected 4 — 6 times as many
contaminated units as the ARC study which only used aerobic bottles. It must be noted
though, that all these studies were performed upon initial release units when the bacterial
load would be low, rather than on units that had been stored for a period of time. This
meant that any bacterial contamination may not yet have proliferated to levels detectable
upon initial release as a study by Murphy et al. (2008) showed that 1 in 460 expired PCs
had contamination, demonstrating significantly greater microbial loads after the extended
storage time.

The significance of the number of contaminated units is highlighted when considering that

306,970 PCs were issued in the UK in 2016 alone. In this same year, there were 108 cases
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of suspected bacterial transfusion-transmitted infections (TTI) attributed to both PCs and
whole blood units. Furthermore, of all the confirmed cases of bacterial TTI throughout the
recorded Serious Hazards Of Transfusions (SHOT) history, 37 of the 44 cases were from PC
units, with these only accounting for the reported and fully confirmed cases. Thus these
results did not include cases which may have not been fully reported or were never
confirmed (SHOT, 2017). As these results only account for fully confirmed cases, the actual
number of bacteria TTI has the possibility to be much greater and also demonstrates that
the incidence of transfusing a contaminated platelet unit is far greater than transfusing a

contaminated whole blood unit.
1.1 Platelets

1.1.1 Significance of Platelets

Platelet transfusions are prescribed therapeutically to control active bleeding or
prophylactically to reduce the risk of bleeding (Blajchman et al., 2008). Therapeutic
platelet transfusions are typically only given to patients with significant clinical bleeding,
especially in the presence of thrombocytopenia or functional defects of platelets
(Blajchman et al., 2008; Liumbruno et al., 2009). Such patients may be undergoing
peripheral blood stem cell transplants, surgery, massive red cell transfusions, or have
congenital or acquired platelet function defects (Liumbruno et al., 2009). Further, research
into novel therapeutic applications of platelets have led to a platelet gel mimicking the
clotting cascade that can be used to control unsuturable bleeding sites or leakage of blood
during surgery (Mohanty, 2009).

However, approximately 85% of platelet transfusions are prophylactic transfusions given
to reduce a patients’ risk of bleeding (Brecher et al., 2005; Blajchman et al., 2008). One of

the biggest uses for prophylactic transfusions is to reduce the risk of bleeding during
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complex surgical procedures, especially cardiovascular surgeries (Mohanty, 2009).
However, they are also extensively used for patients undergoing chemotherapy or bone
marrow transplants, typically due to patients becoming thrombocytopenic during these
procedures, increasing their risk of bleeding. These patients typically receive multiple

transfusions of PC during the period of their other treatment.

1.1.2 Transfusion Risks

There are a variety of risks associated with receiving a platelet transfusion. Whilst blood
group antigens are expressed more weakly on platelets than on red blood cells, it has been
observed that repeat transfusions with an ABO-mismatched PC can lead to haemolytic
transfusion reactions which can be fatal (Sadani et al., 2006). Furthermore, ABO-
mismatched PCs may cause refractoriness to the transfusion where the platelet count is
not raised post transfusion, but this can also be caused by a PC that has not been properly
or fully leukodepleted (Heal et al., 1993). It has also been shown that patients receiving
ABO-matched PCs require half the transfusions as those who had ABO-mismatched PCs
(Heal et al., 1993). As such, it is commonly agreed that all PCs are leukodepleted and only
ABO-matched PCs used when possible (Blumberg et al., 2010).

One of the biggest risks to a patient’s health is from the transfusion of a contaminated unit
which can lead to a septic infection. The significance of this risk is greater when it is
considered that platelet transfusions are often given to oncology, haematology, paediatric
and bone marrow transplant patients, all of which have weakened immune systems and
are more at risk of infection (Brecher et al., 2005). Not only can a septic infection be fatal
to a patient, but even in a case where no infection occurs, it is hypothesised that the
transfused PC may not function properly due to being stored whilst contaminated with
bacteria or bacterial biofilms. This may be due to bacteria and their biofilms producing
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secondary metabolites and/or toxins, which may interfere with platelet function; this
exposes a patient to a risk of transfusion with no therapeutic outcome (Kini et al., 2011).
This risk of transfusing a PC with no functional platelets is also present from PCs stored for
longer periods of time, as storage can cause several complex changes within a PC leading
to non-functional platelets and/or partial activation of platelets and/or inflammatory
factors, all of which can have undesired side-effects on the patient (Spiess, 2010).

1.1.3 Origins of Bacterial Contamination in Platelet Units

The significant number of transfusion-related sepsis cases and the associated costs of
treating such cases has led to various strategies being developed to reduce the number of
contaminated units whilst improving detection methods. A study of sepsis infections after
general surgery found that the costs were 2.28 times greater than patients without, with
an additional average cost of $ 63,824 per patient to treat the sepsis (Vaughan-Sarrazin et
al., 2011). Despite an attempt to control bacterial contamination of PC units by using
aseptic technique and sterile working as standard practice, there are still three main
sources that result in such contamination: 1) the venepuncture site during phlebotomy, 2)
transient donor bacteraemia and 3) contamination during processing within the blood
bank (Blajchman et al., 2005; Schrezenmeier et al., 2007).

1.1.3.1 Contamination from the Venepuncture Site during Phlebotomy

As the major source of contamination appears to be from the donor’s skin flora at the
venepuncture site, there has been a large amount of research and investment into
procedures aimed at reducing the numbers of viable bacteria at the venepuncture site and
training donor centre staff in the importance of such techniques. Studies have shown that
although iodine is the most effective substance for sterilisation, it is considered donor-

unfriendly due to the potential for irritation and donor allergy, and thus isopropyl alcohol
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(IPA) is the most commonly used gent and next best-choice (De Korte et al., 2006).
However, even careful disinfection of the venepuncture site may not result in complete
disinfection since bacterial cells such as Staphylococcus aureus and Propionibacterium
acnes are located within the sebaceous glands (Kunishima et al., 2001).

Introduction of a diversion pouch, which collects the first 10 mL - 50 mL of blood containing
the skin tag from the puncture wound during the blood collection procedure has been
reported to have resulted in a reduction in the number of contaminated units, with a 40%
-90% reduction rate quoted in individual studies (Liumbruno et al., 2009). When tested in
vitro, Wagner et al. (2000) demonstrated that diversion of the first 21 mL - 42 mL of saline
or whole blood caused approximately a one log drop in colony load of Staphylococcus
aureus when deliberately inoculated onto the collection surface. Further, whilst the effects
of a diversion pouch are only effective against organisms originating from the skin, it has
reportedly caused an 85 % reduction of skin flora contaminated units (De Korte et al., 2006;

Lee et al., 2012).

1.1.3.2 Transient donor bacteraemia

Whilst transient donor bacteraemia contamination, that is contamination of a PC by
organisms in a donors bloodstream, is uncommon and would usually be accompanied by
clinical symptoms identified by donor centre staff at the time of donor selection, it can still
occur. Further, it presumed that Gram-negative organism contamination typically
originates from this source and these organisms can lead to more serious incidences if
transfused (Brecher et al., 2005). This indicates that whilst the incidence rate for this
source of contamination is significantly lower than from the venepuncture sight, it may be
missed during donor screening due to asymptomatic patients; further, if transfused this
can cause more serious adverse reactions.
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1.1.3.3 Contamination during processing within the blood bank

Cases of contamination during processing are extremely rare but are suggested to be
higher in pooled-donor units than single-donor units, as evidenced by higher rates of septic
transfusion reactions reported following transfusion with pooled random-donor PCs (Ness
et al., 2001). The cases of contamination during processing, or storage, are typically
thought to be due to breaking a sterile closed collection system such as pooling platelet
units or inefficient cleaning processes in processing and storage areas (Liumbruno et al.,
2009). A case was reported whereby contamination by Serratia marcescens was due to
clean but not sterile outer plastic packaging of the platelet bags which proliferated in the
presence of moisture and nutrients (the plasticizer) in storage, resulting in the bacteria
finally gaining entry into the bag (Szewzyk et al., 1993).

1.1.4 Measures for Detecting Bacterial Contamination

After blood collection, the units are screened to ensure that preventative measures have
eliminated contamination. The most widely spread screening system is the BacT/Alert
automated microbial detection system. The BacT/Alert system operates by detecting CO2
production caused by microbial proliferation. BacT/Alert sample bottles contain media and
a CO; sensor bonded to the bottom of the bottle which changes the colour of the media
when CO; is produced. This colour difference is detected by a change in red light reflected
by the sensor (Thorpe et al., 1990). Different sample bottles enable the detection of
anaerobic and aerobic species. However, this makes the system reliant upon bacterial
proliferation, as well as upon bacteria being present within the aliquot of test sample
removed from the PC (Bjarnsholt, 2013). Both are affected if bacteria present within the
unit forms a biofilm, since biofilms alter bacterial growth in relation to environment factors
with the bacteria forming an almost ‘multicellular’ lifestyle within a community of bacteria
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leading to changes in gene expression, surface molecule expression, nutrient usage,
virulence factors and enables bacteria to survive in unfavourable conditions (Kostakioti et
al., 2013). This can subsequently alter CO; production, and reduce the numbers of
planktonic bacteria within the PC. Thus, if bacteria are retained on the surface of the
platelet bag in the form of a biofilm they may not be collected into the aliquot. This can
lead to false negative results by the system. The final limitation on this system is that
bacterial species may remain viable within the PC, but may not proliferate under platelet
storage conditions or the bacteria proliferate so slowly that not enough CO; is formed to
be detectable (Benjamin and Wagner, 2007). Whilst contamination can also be detected
by using quantitative real-time PCR or flow cytometry, both systems require significantly
higher cell numbers to operate and cannot continually check a PC for contamination like
the BacT/Alert system, with PCR having a detection limit of 5 — 50 CFU / mL and Flow
cytometry as greater than 103 CFU / mL (Brecher et al., 2000; GuoHui et al., 2013; Stormer
and Vollmer, 2014).

Current guidelines dictate that a unit is screened 24 hours after obtaining the PC, and is
continuously screened until unit expiry (Corash, 2011). A unit typically has a shelf life of 5
or 7 days after screening when stored at 22 £ 2 °C with constant gentle agitation. For closed
processing systems, where the sterility of a product is not compromised, most units are
only stored for 5 days, with 7 days’ storage allowed if bacterial contamination assays or
pathogen inactivation procedures are performed prior to transfusion. However, any unit
that involves an open system process, which involves exposing the unit to the environment
to wash or pool units for example, should be used as soon as possible and within 6 hours
of storage (UK Blood Transfusion and Tissue Transplantation Services, 2013). In the UK, all

platelet units are screened using the BacT/Alert system exclusvely for monitoring, as this
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allows the PC unit to be constantly monitored for contamination, even after the unit has
been released to the hospital for transfusion. This enhances the detection of slow growing
bacteria or low initial bacterial levels, and if the aliquot becomes positive for
contamination, the unit can be recalled. If the unit has already been transfused when
contamination is detected, the species can be fully identified and the patient treated

accordingly.
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1.2 Surface Characterisation

1.2.1 Surface Roughness

It has been well established that the surface topography has an influence on bacterial
adhesion, and of the topographical features, the surface roughness is thought to have a
major influence (Whitehead et al., 2005). A surface is made up of various peaks and valleys
which vary in height, width and spacing, all of which forms the surface texture and
influences the surface roughness. Whilst a surface may appear to be completely flat or
smooth to the naked eye, when examined under something like an optical surface profiler,
it is typically found that a surface is not a smooth or flat in terms of microbial dimensions.
A variety of surface parameters can be assessed when an instrument like an optical surface
profiler is used which can take measurements from line profiles across a surface or the
surface as a whole (in the imaged area). However, the average roughness is typically used
to give an idea as to the deviations in surface texture and guidelines on surfaces for use in
hygienic conditions, medical and food settings, are set to ensure that surfaces are suitable
for use in such environments (Heubner, 2009). This is because the surface substrata
features can influence bacterial functions when in contact with bacterial cells including
adhesion and biofilm growth (Whitehead et al., 2005; Wu et al., 2018). In this study, the
mean average surface roughness (S, value) which gives the average height deviation across
an area of the surface was used. However, the S, values do not reflect the shape of the
surface features, which can also affect microbial retention. Surface topographical features
were typically spilt into three types based on their size (Verran et al., 2010):

1. Macrotopographical features, Sg =1 um.
2. Microtopographical features, So 2 500 nm - 1 um.

3. Nanotopographical features, S; < 500 nm.
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1.2.1.1 Scanning Electron Microscopy (SEM)

The use of SEM allows for the visualisation of a wide variety of surface morphologies,
including the surface topographies as well as bacteria or organic matter that has been
adsorbed onto a surface. The microscope sends a beam of electrons at a surface through
a series of objectives and condenser lenses, which causes secondary electrons and
backscattering primary electrons to be generated and emitted from the scanned surface,
carried out under vacuum to ensure no particles deflect the electrons. It is the detection
and analysis of these emitted electrons which allow for the production of an image. This
allows for images of high detail to be produced at significant magnifications (15,000 x

magnification) not available via less advanced microscopy methods (McMullan, 2006).

1.2.1.2 Optical Surface Profiling (White Light)

Optical surface profiling is the use of optics to reconstruct the topographic profile of a
surface, such as by using white light interferometry. Surface profile measurements by
white light interferometry typically employ a technique using a mirror to cause
interference between the light reflected from the surface of a sample and a reference light
signal (Baryshev et al., 2013). These changes are recorded using a camera and software
can reconstruct an image based on the reflected light. The reconstructed image can then
be used to determine the overall average roughness, maximum peak height or valley
depths as well as produce line profiles and topographic images that detail the shape of the

features across the surface.

1.2.2 Raman Spectroscopy
Raman spectroscopy can be used to observe vibrational, rotational and other low-
frequency modes to give a chemical fingerprint which can be used to identify molecules. It

is a scattering technique that is based on the Raman Effect, measuring inelastic scattering,
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where the frequencies between a small fraction of scattered radiation differs from that of
monochromatic radiation (Laserna, 2006; Bumbrah and Sharma, 2016). It is the interaction
of the monochromatic laser interacting with the molecules of a sample that allow it to be
used to determine changes in the molecular structure of surfaces (Bumbrah and Sharma,

2016).

1.2.4 Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)

FTIR spectroscopy relies upon absorbance of light which corresponds with specific
molecular vibrations to develop a spectrum of a sample, providing both organic and
inorganic molecular-scale information (Kazarian and Chan, 2006; Parikh and Chorover,
2006). The use of an ATR attachment allows samples to be placed in direct contact with a
crystal and requires little to no preparation of a sample to use, as the penetration depth

of IR light using ATR is not dependant on sample thickness (Kazarian and Chan, 2006).

1.2.5 Surface Physicochemistry

Surface physiochemistry is a wide ranging term used to refer to a variety of chemical
bonding forces (Table 1.1), including surface energy (wettability), van der Waals forces and
Lewis acid-base interactions (surface electric charge) when describing microbial surface
interactions. These forces can play a significant role in initial microbial attachment as they
can influence adhesion before cells even come into direct contact with a surface (Busscher
and van der Mei, 2012). These forces are a mix of long range forces, such as van der Waals
forces, and shorter forces, such as Lewis acid-base forces, which together can control the
distance between the cells and the surface interface (Korenevsky and Beveridge, 2007). As
such, the relationship between surface physicochemistry and cell adhesion has been the

focus of many in vitro studies (Noro et al., 2013).
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Table 1.1 Physicochemical parameters and their meaning.

AGjwi - Gibbs free energy (Hydrophobicity)

Vs - Total free surface energy

A - Lifschitz van der Waals forces energy (Electrostatic attraction)
ys"8 - Acid-Base energy (Polar charge)

s - Acid energy (Electron accepting)

Vs - Basic energy (Electron donating)

1.2.6 Energy Dispersive X-ray (EDX)

Energy Dispersive X-ray (EDX) is a technique that is used for the analysis of elemental or
chemical characterisation of a sample, relying on the interaction between an X-ray
radiation source and a sample. Under vacuum, a high energy beam of X-rays is used to
excite characteristic X-ray emissions from a sample, which is used to determine the
elemental components in a sample due to the unique atomic structure of each element
(Goldstein et al., 2003). This allows a user to determine the specific elements present in a

sample as well as estimate their abundance.
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1.3 Low Temperature Atmospheric Pressure Plasma (LTAPP)

Initially bacteria are weakly attached to a surface via Lifshitz Van der Waals forces, after
which a stronger adhesion is formed by bacterial cell adhesion structures (Busscher and
van der Mei, 2012). Lifshitz Van der Waals forces are properties of both the bacteria and
the surfaces, and understanding them can lead to understanding how the bacteria interact
with a surface. By causing changes in these forces, as well as other surface properties, it
may be hypothesized that it is possible to alter how bacteria interact with a surface and
potentially reduce bacterial attachment. As such, whilst it may be possible to develop more
sensitive detection systems, modifying the platelet bag surfaces in a way so that bacterial
cells are either unable or take longer to attach to the platelet bag surface could play a role
in reducing false negatives in already established systems.

Changes in these forces can be done via both physical changes to the surface (such as
flattening) or via chemical treatment of the surface (such as with energy induced plasma).
One physical approach to reducing initial surface attachment of the bacteria, potentially
leading to a reduction in biofilm formation, is by modifying the surface topography
(Whitehead et al., 2005). However, whilst several studies have been carried out to
determine the effects of surface topography on bacterial retention, findings have been
conflicting, especially when different topographies may be present on a surface. These
topographies, macro (> 10 um), micro (< 10 um —0.5 um) and nano (< 0.5 um), can all have
different effects on the initial conditioning film and bacterial attachment to a surface.
LTAPP based treatments have gained popularity for altering bio-interfaces; that is surfaces
that encounter biological environments (Siow et al., 2006). The development of LTAPP has
increased in interest due to its ability to operate without requiring a vacuum, which limited
traditional plasma implementation (Tendero et al., 2006). Plasmas have a wide range of
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applications: surface coatings, waste destruction, gas treatments and chemical synthesis,
with more potential applications possible (Tendero et al., 2006). LTAPP can be generated
using a variety of gasses to achieve different effects, and by using different gasses, the
surface energy of the treated surface can potentially be altered to be more suitable for the
surface’s application (Tendero et al., 2006; Bardos and Barankovd, 2010; Yaghoubi and

Taghavinia, 2011; Bozaci et al., 2013).
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1.4 Conditioning Films

Any clean sterile surface that becomes exposed to an environment containing organic
material will begin to form a conditioning film (CF) (Loeb and Neihof, 2009). It has been
demonstrated that whilst surface properties massively influence bacterial adhesion,
bacterial cells often do not attach to the surface directly but instead attach to an interface
of the surface which has been exposed to its surrounding environment and ‘conditioned’
(Donlan, 2002). This conditioning film on a surface is typically made up of a huge variety of
molecules adsorbed onto the substrate and thus can influence the properties of a surface
and hence the effect the surface/CF has on bacterial attachment and adhesion (Donlan,
2002). Further, bacterial cells can also form a conditioning film when exposed to various
proteins and other molecules that are capable of binding to receptors present on the cell
surface, further influencing initial bacterial adhesion (Lorite et al., 2011). These
conditioning films when present on substrate surfaces and/or cell surfaces have the
capability to both reduce and increase bacterial adhesion, depending on the composition
of the CF, the properties of the surface and the properties of the bacterial cell and how
their individual properties influence their biochemical interactions (Donlan, 2002; Lorite et

al., 2011).
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1.5 Bacteria

1.5.1 Serratia marcescens

Ser. marcescens is a motile, rod-shaped, Gram-negative environmental organism which
has only been considered an opportunistic pathogen over the last 30 years (Kim et al.,
2015). Serratia spp. are known to secrete numerous substances, including extracellular
DNase, gelatinase, lipase, proteases, prodigiosin (a red pigment), chitinases and a chitin
binging protein, however, in Ser. marcescens they do not appear to act as virulence factors
(Aucken and Pitt, 1998; Hover et al., 2016). However, Ser. marcescens does produce pore
forming toxins, hemolysin ShIA via activation by ShiB, which can lead to cell toxicity and
cell lysis (Hertle, 2005).

Due to its abundance in the environment it has been implicated in some hospital acquired
infections in immunocompromised patients due to its opportunistic nature (Silva, 2010).
The infections caused by Ser. marcescens include urinary tract, respiratory, biliary tract,
peritonitis, wound and intravenous catheter related infections (Kim et al., 2015). One study
stated that Serratia spp. accounted for 6.5 % of all Gram negative intensive care unit (ICU)
infections and 3.5 % of all non-ICU Gram negative infections, whilst a report by the
European Centre for Disease Prevent and Control stated it as the tenth most common
cause of bloodstream infection with a 2 % incidence rate (ECDC, 2013; Sader et al., 2014).
It is likely its abundance in the environment that has caused it to be identified as a platelet
concentrate contaminant. Due to most patients typically receiving platelet transfusions
being immunocompromised patients, as well as Ser. marcescens becoming more resistant
to many antibiotics used to treat infections, accidental transfusion due to undetected

contamination is a serious concern (Kim et al., 2015).
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1.5.2 Staphylococcus epidermidis

Whilst Staphylococcus aureus is typically the most common pathological Staphylococcous
species, in the case of platelet contamination it is Staphylococcus epidermidis that is most
prevalent (Taha et al., 2018). It demonstrates similar traits to S. aureus, being Gram-
positive, non-motile and non-spore forming, however, it does not produce coagulase and
it is this trait that is often determined from the contaminants, with the species simply
stated as a ‘coagulase-negative staphylococci’ (CNS). However, if identified in more detail,
most CNS species tend to be S. epidermidis (Kleinschmidt et al., 2015). It is highly
implicated in platelet contamination as it is abundant as a commensal skin flora, more so
than S. aureus, but has lower virulence and is an opportunistic pathogen (Widerstrom et
al., 2012; Becker et al., 2014). Whilst S. epidermidis infections rarely become life-
threatening, once they are stablished they can be harder to treat than S. aureus infections
and most S. epidermidis infections are acquired in hospitals (Otto, 2009; Widerstrom et al.,
2012).

Infections caused by S. epidermidis are highly implicated in infections from indwelling
medical devices, such as catheters, as well as potentially playing a role in shunt, prosthetic
joint, vascular and surgical site infections (McCann et al., 2008; Rogers et al., 2009).
Further, S. epidermidis accounted for at least 22 % of bloodstream infections in intensive
care patients in the US (National Nosocomial Infections Surveillance System, 2004). These
infections are also becoming harder to treat as many strains of S. epidermidis are becoming
multidrug resistant, with significance placed on the increase in methicillin resistant S.

epidermidis strains (Otto, 2009; Decousser et al., 2015).
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1.5.3 Bacterial Biofilms

Bacteria typically exist in one of two forms: planktonic, which are single cells freely existing
within a suspension, or sessile, which are bacteria attached to a surface and which may
form part of a biofilm. A biofilm is a highly complex community formed by bacteria encased
within an extracellular polymeric substance (EPS) in which the bacteria increase their
virulence, increase their gene exchange and a decrease in growth which may results in a
reduction in CO2 production and hence detection (Donlan, 2002; Busscher and van der
Mei, 2012; Desrousseaux et al., 2013). The EPS can provide many benefits to the bacteria
in a biofilm including adhesion, protection and structure, and is usually comprised of
mostly water and polysaccharides with some DNA, proteins, lipids and lectins (Bjarnsholt,
2013; Limoli et al., 2015).

The process of biofilm development is complex and multifactorial, with the attachment of
bacteria influenced by the surface properties, such as wettability, structure and roughness
(Lorite et al., 2011). In most models of biofilm formation, there are certain steps that are
characteristic of the development of a biofilm, starting with bacterial cells initially weakly
adhering to a substrate via non-specific interactions and are relatively easy to remove
(Donlan, 2002). However, they quickly become irreversibly attached using specific surface
interactions including pili (or fimbriae), flagella or adhesive proteins, with the physical
structure being significant as one study demonstrated the bacteria’s inability to land on
surfaces and / or attach to surfaces (O’Toole and Kolter, 1998; Lorite et al., 2011). Upon
becoming bound to a substrate other bacterial cells start adhering to already bound cells
and proliferation occurs until maturation of the biofilm, whilst encased within an EPS

matric (Donlan, 2002; Lorite et al., 2011).. Finally, upon a biofilm growing large enough a
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detachment of cells occurs, and the detached cells can colonise new substrates (Petrova
and Sauer, 2016).

Biofilms grant a large number of benefits to the bacterial community, with significant
increase in the resistance of bacteria to numerous antimicrobials as well as to host
defences potentially being the biggest benefit (Ito et al., 2009; Lorite et al., 2011; Dias et
al., 2018). Biofilms can reduce antimicrobial diffusion, bacterial cells tend to have an
altered metabolism due to changes in oxygen and nutrient availability and bacterial cells
can exchange resistance genes whilst contained in the biofilm (Anderson and O’Toole,
2008; Dias et al., 2018). The combination of altered gene expression and changes in
metabolism can make the detection of bacteria more difficult for some analytical systems
especially those that are reliant upon bacterial proliferation. Therefore, if the bacteria have
adhered to the surface of the platelet bag and formed biofilms, then the bacteria may not
be planktonic within the unit and with a reduced metabolism and reduced CO; production,
their detection becomes more difficult, potentially leading to false negatives (Benjamin
and Wagner, 2007). Further, a study by Ali et al. (2014) demonstrated that biofilm-positive
S. epidermidis strains typically grew slower in platelet concentrates and were therefore

more likely to be missed with automatic systems.
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1.6 Microbiology Assays

1.6.1 Microbial Adhesion to Hydrocarbons (MATH)

Like surfaces, microbial adhesion is influenced by forces involving electrostatic
interactions, van der Waals forces and Lewis acid-base interactions. To calculate acid-base
properties and cell hydrophobicity, the ‘Microbial Adhesion to Hydrocarbons’ (MATH)
assay is used. It was developed by Rosenberg et al. (1980) and uses pairs of monopolar and
apolar solvents to determine the bacterial surface physicochemistry. Two sets of solvents
are used; chloroform with hexadecane and ethyl acetate with decane. Hexadecane and
decane are both apolar n-alkanes, whilst chloroform is a strong electron accepting acidic
solvent and ethyl acetate is a strong electron donating basic solvent. The assay was devised
to determine the affinity of the test organism to the four solvents by determining their
percent adhesion using spectroscopy.

1.6.2 Biofilm Determination by Crystal Violet

As biofilms grow on surfaces it becomes possible to quantify the biomass present on the
surface by performing a crystal violet staining assay. A biofilm is grown and rinsed to
remove non-adhered cells and biomass before the crystal violet stain is applied to stain all
the biomass of a grown biofilm on a surface, which can then be elucidated out of the
stained cells by using glacial acetic acid. The elucidate is then measured using a
spectrophotometer to give a semi-quantitative measurement of the total biomass formed
and can be used to compare against other biofilms stained in a similar manner (Merritt et

al., 2005; O’'Toole, 2011).
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1.7 Bacterial Interactions with Platelets

Whilst increasing knowledge on the role that platelets play in the immune system is
becoming evident, there is still only a basic understanding of the ways in which bacteria
interact with the platelets (Arman et al., 2014). Bacterial interaction with platelets is
thought to cause serious complications leading to diseases including infective endocarditis,
disseminated intravascular coagulation, immune thrombocytopenia purpura and even
increased risk of myocardial infarction or stroke (Fitzgerald et al., 2006). Three main
mechanisms exist for how bacteria and platelets interact, but are mediated by a range of
strain-specific surface proteins and secretions (Arman et al., 2014). These include;

1) Direct bonding of a bacterial cell to platelet receptors

2) Indirect bonding of a bacterial cell to a plasma protein which bonds to a platelet receptor
or the bonding of metabolites

3) The effect of toxins excreted by bacterial cells to platelets (Hamzeh-Cognasse et al.,
2015).

Whilst these mechanisms are a result of the interactions between the bacteria and the
platelets or plasma proteins, typically a co-signal or a secondary factor, is required to cause
aggregation rather than just adherence. This secondary factor may be one of the other
mechanisms that are used for adherence, or potentially a new secretion resulting from the
binding of a bacterial cell to a platelet (Fitzgerald et al., 2006; Kerrigan and Cox, 2010). This
contributes to the complexity of bacterial-platelet interactions and is one of the reasons
why it is still only partially understood.

Receptors that are typically involved in platelet-bacteria interactions include the
glycoproteins (GP) GPIlb-llla, GPlba, FcyRlla, complement receptors and Toll-like receptors
(Cox et al., 2011). Of these, the GPIIb-llla receptor, an integrin complex receptor for
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fibrinogen and von Willebrand factor that aids platelet activation, appears to be the most
common receptor and is most often bound with bacteria indirectly via fibrinogen or
fibronectin, with a couple of bacterial species directly binding to these receptors such as
S. aureus or Streptococcus gordonii. Aggregation has been observed via this indirect
binding to other fibrinogen-coated surfaces, however, less aggregation has been observed
when bacteria directly interacting with the receptor (Hamzeh-Cognasse et al., 2015). It is
speculated that this may potentially be due to a weaker affinity to the receptor via the
direct adherence, instead of via the use of an intermediary molecule (such as fibronectin)
(Hamzeh-Cognasse et al., 2015). Of the other receptors, GPlba typically binds either
directly or via the use of von Willebrand factor (vWF), FcyRlla typically uses
immunoglobulin G (IgG), Toll-like receptors typically bind directly and the complement
receptors bind indirectly using C1 (Cox et al., 2011). Whilst a few main platelet receptors
are used, along with other host factors, the bacterial factors are much more varied and
greater than the scope of this work (Fitzgerald et al., 2006; Cox et al., 2011).

The presence and binding of some organisms may lead to the inhibition of aggregation
instead of activation. Some organisms may find it to their advantage to prevent
aggregation of the platelets and have evolved methods of preventing aggregation, such as
the use of enterotoxin B by S. aureus (Fitzgerald et al., 2006). Further, other molecules and
secretions have been found to show inhibition where platelet agonists have been involved.
Beachey et al. (1977) demonstrated that lipoteichoic acid secreted by Gram-positive
organisms inhibited collagen activation of platelets and partial inhibition of aggregation
was observed where monoclonal antibodies directed against von Willebrand Factor were
present (Pawar et al., 2004). Whilst inhibition of aggregation does not pose an issue whilst

during storage, if inhibition of aggregation is still present upon transfusion of a unit, then
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not only would the transfused unit not have a therapeutic use but may instead be further
damaging to a patient. If platelets in a patient are unable to or have a reduced aggregation,
the patient may experience haemorrhaging or delayed wound healing (Fitzgerald et al.,

2006).
1.7.1 Methods Used in Understanding Bacterial Interaction with Platelets

1.7.1.1 Aggregometry

The clumping together of platelets upon activation is described as aggregation and is part
of the sequence of events that leads to the formation of clots. The aggregation of platelets
can be measured to determine the viability of the platelets. Platelet aggregation is
measured using an aggregometer, with different types of measurements possible,
including light transmission (optical) or impedance aggregometry. Since the focus of this
work was platelet transfusion units rather than whole blood units, optical aggregation was
used as this uses platelet rich plasma (PRP). This measures the ability of agonists to induce
platelet activation and aggregometry in vitro. The test involves the use of a platelet poor
plasma (PPP) as a blank whilst a PRP sample with a stirrer is baselined before an agonist is
added. As the platelets aggregate, the light passed through the sample is impeded and a
measurement of the aggregation is possible, thus determining how strongly the platelets

have aggregated (Koltai et al., 2017).

1.7.1.2 Flow Cytometry

A flow cytometer uses lasers at various wavelengths to perform cell counting, cell sorting
and biomarker detection as cells pass through an electronic detection apparatus. It can be
used, in conjunction with fluorochrome antibodies, to determine changes in cell surface
receptors. For example, when platelets have been activated with agonists or combined

with other compounds, and a quantitative value can be determined. Further, as multiple
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lasers can be used in conjunction with one another, multiple parameters can be tested

simultaneously (Givan, 2011).

1.7.1.3 Cytometric Bead Array

Cytometric bead array (CBA) is a flow cytometry procedure that allows for the
simultaneous quantification of multiple proteins by using the diverse range of fluorescence
detection possible with flow cytometry. Whilst the method of detection is similar to a
traditional enzyme-linked immunosorbent assay (ELISA), the test can detect up to 30
unique proteins per test sample and has a detection ability as low as 0.274 pg / mL, whilst
using a sample of similar volume to that used in an ELISA. This is possible by using a wide
range of beads that each have a unique fluorescent signal, allowing for the detection of
multiple beads with specific antibodies whilst maintaining fluorescent intensity accuracy.
Further, whilst many sets are commercially available for many proteins, sets also exist
which enable any antibody to be attached to the beads which thus, in theory, will enable

the detection of any protein using the CBA (Castillo and MacCallum, 2012).

1.7.1.4 Western Blot

Western blots are a widely used technique for the detection of specific proteins from cell
extracts. Cells are treated or left untreated and lysed to collect the protein before run
through an acrylamide gel and then transferred onto a blotting membrane. After transfer,
specific protein antibodies are used to bind to those proteins present on the blot, with a
secondary antibody used for visualisation. This allows for a semi-quantitative estimation
of protein dependant on the size and intensity of the protein band (Mahmood and Yang,

2012).
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1.8 Aims and Objectives

1.8.1 Aim

The aim of the study was to characterise and alter the platelet bag surfaces so as to

maintain platelet viability, activation and function, whilst reducing the amount of bacterial

retention and biofilm formation on the platelet bag surface.

1.8.2 Objectives

Characterise the surface properties of the inside of the unmodified plasticized
poly(vinyl chloride) (p-PVC) platelet bag surfaces (smooth and rough) including;
chemistry (ATR-FTIR and Raman), roughness (optical surface profiler and scanning
electron microscopy) and physicochemical characteristics (surface energies via
contact angles).

Modify and characterise the platelet bag surface after flattening via hot press.
Modify and determine the viability of using low temperature atmospheric pressure
plasma to modify the surface energy of the platelet bags.

Determine the effect of the surface modification on platelet viability and function.
Characterise biofilm growth on all surfaces via crystal violet staining when grown
in standard laboratory broth.

Treat all surfaces with conditioning films (broth and human plasma) and
characterise difference in surface characteristics post treatment.

Determine the effects on platelets by planktonic bacteria and biofilms via

aggregation, flow cytometry, western blot and cytometric bead array.
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2.0 Materials and Methods

2.1 Materials
pPVC transfusion bags obtained from Terumo BCT (USA) were used for this work. The
inside had two faces designated a rough side and a smooth side. When the surfaces had

been flattened using the press, they were designated the ‘flat’ surfaces.

2.1.1 Microorganisms
Serratia marcescens (NCTC 9741)

Staphylococcus epidermidis (DSM 28319)

2.1.2 Reagents

Acetone (Fisher, UK)

Adinosine diphosphate (ADP) (Sigma, UK)

Ammonium Persulfate > 98% (Sigma, UK)

BD™ Cytometric Bead Array (CBA) (558265) (BD Biosciences, USA)
Bovine Serum Albumin (Sigma, UK)

Bromophenol Blue (Sigma, UK)

CBA Flex Kits; RANTES (558324), IL-6 (558276), IL-1B (558279) and TNF (558273) (BD
Biosciences, USA)

Chloroform (Sigma, UK)

Crystal Violet (BDH, UK)

Decane (Sigma, UK)

Diiodomethane (Alfa Aesar, UK)
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Disodium Phosphate (Fisher Scientific, UK)
Ethylenediamine tetraacetic acid (EDTA) (BDH, UK)
Ethanol (IMS) (Fisher Chemicals, UK)

Ethanol (Absolute) (Fisher, UK)

Ethyl Acetate (Sigma, UK)

Ethylene Glycol (Sigma-Aldrich, UK)

Fluorochrome Conjugated Antibodies; PE Mouse Anti-Human CD62P (555524) and FITC
Mouse Anti-human PAC-1 (340507) (BD Biosciences, USA):
Glacial Acetic Acid (Fisher Scientific, UK)

Gluteraldehyde

Glycerol (Fisher, UK)

Glycine (Fisher, UK)

HEPES (BDH, UK)

Hexadecane (Sigma, UK)

HPLC grade water (BDH, UK)

Human Blood Components; Human Platelets and Human Plasma
Hydrochloric Acid (Fisher, UK)

Magnesium Chloride (Sigma-Aldrich, UK)

Magnesium Sulfate Heptahydrate (Fisher, UK)

Methanol (Fisher, UK)

Monopotassium Phosphate (Sigma, UK)

Nonidet p-40 (NP40) (85124) (Thermo Scientific, USA)
Paraformaldehyde (Fisher, UK)

Phosphatase Inhibitor Cocktail (Sigma, UK)
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Pierce™ Bicinchoninic Acid (BCA) Protein Assay Kit (23227) (Thermo Scientific, USA)
Platelet Storage Bags (Terumo BCT, UK)

Ponceau S (BDH, UK)

Potassium Phosphate Dibasic Trihydrate (Fisher Scientific, UK)

Precision Plus Protein™ Dual Colour Standards (Bio-Rad Laboratories, UK)

Protease Inhibitor Cocktail (Sigma, UK)

Restore™ Western Blot Stripping Buffer (Thermo Scientific, USA)

Sodium Bicarbonate (BDH, UK)

Sodium Chloride (Fisher, UK)

Sodium Dodecyl Sulfate (SDS) (Sigma, UK)

SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Scientific, USA)

TEMED (Fluka, Switzerland)

TGX Stain-Free™ FastCast™ Acrylamide Starter Kit (161-0182) (Bio-Rad Laboratories, UK)
Thrombin (Chronolog, USA)

Trans-Blot Turbo™ RTA Transfer Kit, Nitrocellulose (170-4270) (Bio-Rad Laboratories, UK)
Tris Base (Fisher, UK)

Tryptone Soy Agar (Oxoid, UK)

Tryptone Soy Broth (Oxoid, UK)

Tween-20 (Fisher, UK)

2.1.3 Western Blot Antibodies
Phospho-PLCB3 (Ser537) Polyclonal Antibody (Thermo Fisher Scientific, USA)
B-Actin Antibody (Cell Signalling Technology, USA)

Phospho-Akt (Ser473) Antibody (Cell Signalling Technology, USA)
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Akt Antibody (Cell Signalling Technology, USA)
Phospho-VASP (Ser239) Antibody (Cell Signalling Technology, USA)
VASP (9A2) Rabbit monoclonal Antibody (Cell Signalling Technology, USA)

Anti-rabbit IgG HRP-linked Antibody (Cell Signalling Technology, USA)

2.1.4 Buffers:

Modified RIPA Buffer without Inhibitors

NaCl 0.88 g / 100 mL plus 5 mL of 1 M Tris base, 10 mL of 10 % (v/v) NP-40, 10 mL Glycerol,
1 mL of 0.5 M EDTA (pH 8.0) and ultrapure water up to 100 mL.

PUM buffer

K2HPO4.3H,0 22.2; KH,PO4 7.26; Urea 1.8; MgS04.7H,0 0.2 g / L.

SDS Loading Buffer

10 x stock: SDS 5; Bromophenol Blue 0.1 g / L plus 25 mL Glycerol, 10 mL of 1 M Tris base
(pH 6.8) and 14 mL ultrapure water.

SDS Running Buffer

10 x stock: Glycine 144.2; Tris base 30.3; SDS10g/ L
TBS-Tween
1 mL Tween-20 and 1 L of TBS.

Tris Buffered Saline (TBS)

10 x stock: NaCl 87.6; Tris base 24.22 g / L (pH 7.5 with HCI).

Tyrodes Buffer

NaCl 7.83; HEPES 4.7662; NaHCO3 1.008; Glucose 0.9008; KCl 0.216; Na,HP040.048 g / L

plus1 M MgCl 1 mL/ L.
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2.2 Surface Modification

2.2.1 Flattening

Strips of plasticized poly (vinyl chloride) (p-PVC) platelet storage bags were cut from whole
platelet bags obtained from Terumo BCT (USA), 150 mm x 25 mm, and were placed
between two sheets of Kapton. A template made of polyethylene terephthalate (PET) was
used to ensure the p-PVC was not flattened beyond the depth of the PET for consistency,
with a thickness of 0.24 mm. This was placed in between stainless steel sheets (300 x 100
x 1.5 mm), which was subsequently placed between two plates of steel (300 x 200 x 45
mm) which had been pre-heated to 150 °C in the hot press (Bradley & Turton LTD, UK).The
p-PVC / PET / Kapton and stainless steel sheets were placed into the hot press and 10
tonnes of pressure was applied at 150 °C for 10 min. The plates were transferred to a cold

press and cooled with 10 tonnes of pressure for 10 min.

2.2.2 Low Temperature Atmospheric Pressure Plasma (LTAPP) Treatment

LTAPP treatment was performed via an internally built dielectric barrier discharge rig
consisting of two dielectric alumina plates measuring 240 mm by 50 mm, with sputtered
copper electrodes. The plasma was generated using a custom-built power supply
consisting of a function generator (AIM-TTi TG1000 Function Generator single channel 10
Mhz DDS, UK), audio amplifier (ProSound 2 Channel 1600W Power Amplifier, USA), and
transformer (Custom design by Amethyst Designs Ltd, UK) delivering a voltage (10 kV) and
alternating current of 10 kHz. Nitrogen gas was flowed through the dielectric barrier

discharge at a flow-rate of five sim.
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2.3 Surface Characterisation

2.3.1 Coupon Preparation
Coupons of 11 mm in diameter were punched from p-PVC platelet bags using an 11 mm

disc punch (Agar Scientific, UK) or punched from the previously flatted p-PVC bags.

2.3.2 Scanning Electron Microscopy (SEM)

p-PVC coupons were attached to 12 mm SEM stubs (Agar Scientific, UK) with 12 mm carbon
tabs (Agar Scientific, UK) prior to being sputter coated with a gold and palladium coating
(Model: SC7640, Polaron, Au/Pd target, deposition time: 1.5 min). Samples were stored in

a dessicator containing silicon beads until imaged.

2.3.3 Surface Roughness and Optical Surface Profiles

Surface roughness (Sq) values were calculated from surface profiles measured using a
ZeGage 3D Optical Surface Profiler (Zygo; USA) for all p-PVC coupons. Measurements were
taken using 50 x magnification with a scanning distance of 50 um from the centre position

(n=3).

2.3.4 Energy Dispersive X-ray (EDX)
Surfaces were prepared treated the same as SEM samples but were not sputter coated.
Samples were then imaged using the SEM at 20 KV with a 15 mm working distance before

EDX was run on the samples using the EDX attachment on the SEM (n = 3).
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2.3.5 Attenuated Total Reflection- Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR was used to measure the molecular structures and chemical bonds of the
untreated and modified p-PVC (Nicolet 380 FTIR with a Smart iTR attachment, Thermo
Scientific, UK). Background spectra was captured prior to each measurement and spectra
were acquired at room temperature using Omnic 5.2 (Thermo Scientific, UK) software with
each run made up of 16 scans and a resolution of 4 cm™. Analysis of each sample was

performed in triplicate and average spectra used (n = 3).

2.3.6 Raman Spectroscopy

Raman spectra was measured at room temperature using a DXR 532nm laser on a DXR
Raman microscope (Thermo Scientific, UK). The laser was focused on the sample surface
using 50 x magnification with a long working distance optical objective, and a laser power
of 10 mW, with sample exposure time of 3 s. The Raman was performed in triplicate on

each surface, with each run containing 20 scans, and a mean spectra taken (n = 3).

2.3.7 Physicochemistry of Surfaces

Contact angles (6) using HPLC grade water, ethylene glycol or dioodomethane were
measured with a MobileDrop goniometer (Kriiss GMBH, Germany). Both left and right side
angles were determined, with five measurements of each chemical on each sample taken
(n = 10). Fresh coupons were used for each solvent to ensure there was no cross
contamination of solvents on the surfaces. The method of van Oss et al. (1988) was used
for calculating the surface energy (yoF) of the films from these measurements, according

to the following equation:
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(1+ y,) cosd =2 <JVSLWVfW + \/VSA)/IB + \/VSBmA>
[1]

Where the subscripts / and s denote the surface energy of the solid and liquid respectively.
The superscript LW denotes the Lifshitz-van der Waals components of the surface energy,
and the superscripts A and B denote the Lewis acid and Lewis base parameters of the
surface energy. The acid and base terms can be combined into the Lewis acid base
(superscript AB) component of the surface energy:

vt =2 /)/f‘)/f

[2]

Subsequently the overall surface energy was calculated as the sum of the Lifshitz-van der

Waals and Lewis acid base components:

vi=vi" +v{*

3]

The components of the surface energy were then used to assess the hydrophobicity, or
Gibbs free energy of attraction between the surface and water (surface energies are
denoted by subscript w), and were calculated using the following (Van Oss and Giese,

1995):

2
AGg,, = =2 ( Y — nﬁW> +2 ( / VeV +vavd —Jvévk - /mﬁ’)

[4]
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2.3.8 Tensile Strength Determination

Tensile strength of the PVC was determined using a Tinius Olsen (UK) H10KS tensiometer
running Qmat 5.53 (Tinius Olsen, UK). Samples were run with a 4 mm width and a 200 mm
/ min speed (n = 5). Unmodified surface Mpa was calculated considering the effect of the
diamond cross sectional area, as the thickness for the surface was not consistent due to

the patterning on one side of the surface (n = 3).

2.3.9 Degeneration of Surface Energy Following LTAPP Treatment

Pieces of smooth p-PVC surfaces were plasma treated and control strips were left
untreated. The untreated coupons as well as three plasma treated coupons had contact
angle measurements taken immediately for 0 h measurements. The coupons were left in
the dark at room temperature and contact angle measurements of the plasma treatment
was taken after 24 h, 48 h, 72 h, 96 h, 120 h and 168 h, with three coupons used at each

time point (n = 3).

2.3.10 Batch Testing

The smooth side of three platelet bags from two separate batches were cut into strips and

contact angle measurements were taken (n = 12).
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2.4 Biofilm Formation

2.4.1 Sterilisation of Coupons

Coupons were placed into a 30 mL sterile plastic universal containing 70 % (v/v) ethanol
and vortexed for one min. The coupons were then soaked for 15 min in ethanol. The
ethanol was removed and the coupons were aseptically transferred to a sterile Petri dish
containing sterile distilled water (dH.0) to remove the ethanol before being aseptically
transferred to another sterile Petri dish containing sterile dH,0. The washing sequence
was performed in triplicate to ensure all the excess ethanol was removed before the

coupons were air dried in a class Il microbiological cabinet for 1 h.

2.4.2 Bacterial Growth Conditions

Strains of Serratia marcescens (NCTC 9741) and Staphylococcus epidermidis (DSM 28319)
were obtained from frozen pure culture stock, plated onto tryptone soya agar (TSA) and
incubated at 37 °C overnight. New plates were streaked from freezer stock every four
weeks to ensure the continuity of the bacteria was maintained for all experiments, with
streaked plates stored at 4 °C. A single colony was removed from the TSA plate and
inoculated into a volume (10 mL) of sterile tryptone soya broth (TSB) which was incubated
overnight at 37 °C with shaking (150 rpm). The bacterial culture was centrifuged at 2210 g
for 10 min, the supernatant removed and the cells washed with 10 mL of sterile dH;0
before repeating. The cells were re-suspended in sterile dH,0 and diluted to an OD of 1.0
+ 0.05 at 540 nm using a spectrophotometer (Jenway 6305, UK). A serial dilution with
spread plates was performed in duplicate with three separate bacterial broth cultures to
obtain 1.25 x 10° colony forming units per mL (CFU mL™) for Ser. marcescens and 1.44 x

102 CFU mLfor S. epidermidis at an OD of 1.0 + 0.05 at 540 nm.
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2.4.3 Scanning Electron Microscopy

An overnight culture was prepared and the washed bacterial inoculum was diluted to an
optical density (OD) of 1.0 + 0.05 at 540 nm. Ten microliters of bacterial inoculum was
pipetted onto a coupon and dried in a class Il cabinet for 1 h before being processed by
placing into 4 % glutaraldehyde (made up in phosphate buffered saline) overnight. The
coupons were removed from the glutaraldehyde using tweezers and rinsed with sterile
dH>0 to remove the remaining solvent. The coupons were dried in a fume hood or 1 h
before an ethanol gradient of 10 %, 30 %, 50 %, 70 %, 90 % and 100 % made up from
absolute ethanol diluted with sterile dH,O was performed. Each coupon was left in each
ethanol concentration for 10 min moving from the lowest ethanol concentration to the
greatest. Once removed from the 100 % ethanol solution, the coupons were placed into a
desiccator and when dry were attached to SEM stubs with carbon tabs prior to being
sputter coated with a gold and palladium coating (Model: SC7640, Polaron, Au/Pd target,

deposition time: 1.5 min) before being stored in a desiccator until imaged.

2.4.4 Microbial Adhesion to Hydrocarbons (MATH) Assay

Cultures were grown at 37 °C overnight in TSB. Bacterial cells were harvested via
centrifugation at 2210 g for 10 min, washed 3 times using PUM buffer pH 7.1 and re-
suspended to an OD 1.0 at 400 nm in PUM buffer. A 1.5 mL volume of washed cells
suspended in PUM buffer was added to a round bottomed test tube, 15 mm in diameter.
A 250 pL volume of one of the test liquids (Chloroform, Hexadecane, Ethyl Acetate or
Decane) was added to the suspension. Suspensions were incubated at 37 °C for 10 min to
equilibrate. The test suspension was vortexed for 2 min before re-incubation for 30 min at
37 °C to allow separation of the lower aqueous phase. The lower aqueous phase was
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removed from the test tube and the OD determined at 400 nm. This was used with a

calculation developed by Rosenberg et al. (1980) to determine cell surface hydrophobicity;

) 1-4
Adhesion = ( ) x 100
Ag
[5]
Where Ag was the optical density of the microbial suspension when measured at 400 nm
before adding test chemical and A was the optical density measured at 400 nm of the

extracted lower aqueous phase after mixing with the hydrocarbon (n = 3).

2.4.5 Biofilm Formation

A 1.8 mL volume of sterile TSB was added to each well of a sterile 12-well plate (Nunc Non-
Treated Multidishes, Thermo Fisher Scientific, UK) along with a sterilised p-PVC coupon, 11
mm in diameter, test side of the surface face up. The reverse end of a sterile swab was
used to push the coupon to the bottom of the well. The 12 well plates were left at room
temperature overnight to check for any contaminant growth and to check that all coupons
were fully sterilised. An overnight culture was prepared and diluted to obtain 1.0 x 108 CFU
mLL. Two hundred microliters of the bacterial suspension was added to the appropriate
wells to give a working concentration of 1.0 x 107 CFU mL?. The 12 well plates were
parafilmed to prevent the media from evaporating from the plates. The plates were
incubated at either 22 °C or 37 °C for either 5 or 7 days with gentle shaking (68 rpm).
Following incubation, all the media in each well was removed by pipetting, leaving just the
coupon behind and the wells containing the coupons were washed by adding 2 mL of
sterile dH;0 to each well; carefully against the side of the well so as not to disturb the

biofilm formed on each coupon. The liquid was gently swirled around the wells manually
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for 5 s before pipetting out the liquid to remove any unbound planktonic cells. The 12 well

plates and coupons were air dried in a class Il cabinet for 1 h.

2.4.6 Crystal Violet Assay

One millilitre of 0.03 % w/v crystal violet solution was added to each well following drying,
ensuring full coupon coverage, and left for 30 min. The stain was pipetted out of each well
and 2 mL of sterile dH,0 was added and manually gently swirled around for 10 s to remove
the excess stain. This was repeated once and the coupons were removed after the second
time and transferred to a fresh 12 well plate. To each well in the new plate, 2 mL of 33 %
(v/v) glacial acetic acid solution was added and left for 15 min with manual agitation every
5 min to elute the bound crystal violet from the biofilm. The absorbance of the eluted stain
in the glacial acetic acid was measured at 590 nm to determine the optical density, thus
guantifying biofilm growth. The absorbance value obtained was doubled to convert it to
absorbance per mL. When the absorbance was too high to be read, the remaining 1 mL in
the well was diluted down with another 1 mL of 33 % (v/v) glacial acetic acid solution and

measured, with values obtained multiplied by four to account for the dilution. (n = 6).
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2.5 Conditioning Films

2.5.1 Conditioning Film Preparation

Conditioning films of human plasma were made alone and in the presence of bacteria, as
well as bacteria in water as a control. For inoculated conditioning films, an overnight
culture was centrifuged at 2210 g and washed once with sterile dH,O before re-
centrifugation and suspension in sterile dH,0. The suspension was diluted to a CFU / mL
of 1 x 108 before diluting into either sterile dH20 or human plasma to obtain a working
concentration of 1 x 107 CFU / mL. Once prepared, sterile test p-PVC coupons were added
to a 12 well plate with the test side facing up and 1 mL of the suspension was added to
each well, ensuring the coupon remained at the bottom of the well and covered. The 12
well plate was left for either 1 h or 24 h at 22 °C with gentle agitation (68 rom) on an orbital
shaker. After incubation, the contents of each well were removed with pipetting and the
coupons washed by adding 2 mL of sterile dH,0 to each well and using sterile forceps to
transfer the coupon to a new 12 well plate which was placed in a class Il cabinet for 1 h to
dry the coupons. Once dry, the coupons were then examined using FTIR, RAMAN, EDX and
WLP. A separate batch was prepared for SEM and processed per SEM preparation
instructions. Fresh samples were also prepared for the Goniometer as the coupons were

disposed of after applying the solvents.

2.5.2 Conditioning Film MATH Assay

The MATH assay was performed as described in 2.4.4 Microbial Adhesion to Hydrocarbons
(MATH) Assay with the addition of a conditioning film. After washing and prior to testing,
7.5 mL of standardised bacterial suspension (OD 1.0 at 540 nm) was added to 3.25 mL of

human plasma or TSB and vortexed for one min. This was centrifuged at 2210 g for ten min
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and rinsed once with PUM buffer before re-centrifugation. The pellet was re-suspended in
PUM buffer and an OD of 1.0 at 400 nm was obtained before the MATH assay was
performed. A MATH assay without the conditioning film was performed as a control and

the assay was performed in triplicate.
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2.6 Effect on Platelet Activity and Function

2.6.1 Ethical Approval and Participant Consent

The Manchester Metropolitan University ethics board granted approval for the study.
Healthy volunteers were recruited for blood collection and gave written informed consent
before donating a blood sample. The study was performed conforming to the Declaration
of Helsinki.

Participants who had taken anti-platelet medication, anti-inflammatory medications,
herbal medicines that may interfere with platelet function (Ginko Biolba, St John’s Wort)
or Selective Serotonin Reuptake Inhibitors in the past fortnight were excluded from the
study. The study involved a total of 41 participants (n = 24 male, n= 17 female). Samples
from some participants (chosen at random) were used for analysis of multiple markers of

platelet activation and function.

2.6.2 Platelet Rich Plasma Extraction

A total of 20 mL of whole blood was collected from healthy voluntary donors into 4 mL
vacutainers containing 3.2 % sodium citrate. The vacutainers were centrifuged at 180 g to
compact the blood cells into the lower section of the tube, leaving the platelet rich plasma
(PRP) as the supernatant. The PRP from all the centrifuged tubes was extracted without

disturbing the compacted red blood cells into sterile 50 mL falcon tubes.

2.6.3 Platelet and Bacterial Incubation
For planktonic bacteria, the PRP was diluted with bacteria suspended in Tyrodes buffer
back to physiological levels using either Ser. marcescens or S. epidermidis at working

concentrations of both 2 x 107 or 2 x 108. The bacteria were prepared as in 2.4.2 Bacterial
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Growth Conditions but were rinsed with and suspended in Tyrodes buffer. For biofilm
work, the PRP was diluted with Tyrodes buffer prior to being added to biofilms. The
biofilms were also prepared as in 2.4.5 Biofilm formation but were rinsed with Tyrodes
buffer instead of sterile dH,0. These were then incubated at 22 °C for either 1 h, 2 h or 4

h with gentle agitation (68 rpm) prior to experimental work.

2.6.4 Aggregometry

Samples for aggregation were prepared by adding 450 L of test PRP to two aggregation
cuvettes with a mini stirrer. A platelet poor plasma (PPP) sample was prepared by
centrifuging 600 pL of PRP at 5000 g for 5 min and transferring 500 uL of the supernatant
to a clean aggregation cuvette. The PPP sample was placed into the PPP slot of a
aggregometer (Chrono-log 700, Chrono-log, USA) pre-warmed to 37 °C. Test samples were
stored in the spare slots in the aggregometer to warm to 37 °C before running. Each sample
was run by being placed into the PRP slot with a stirrer speed of 1200 rom and the baseline
was obtained. The trace was run and after 30 s, 50 pL of the agonist (50 uM ADP or 10 U
Thrombin) was added and the recording of the aggregation began. Each trace was run until
it reached the 4 min mark and was stopped, and the max aggregation was recorded, (n =

6).

2.6.5 Flow Cytometry

Flow cytometer tubes were prepared by initially adding 90 uL of the PRP preparation to
two tubes per test sample, plus 3 additional tubes of the control sample. To all tubes, 10
uL of the chosen agonist (50 uM ADP or 10 U Thrombin) was added. For the 3 additional

tubes, 1 tube was not stained with any fluorochrome antibody, 1 tube was stained with
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only the FITC conjugated anti-human CD62P antibody and 1 tube was only stained with the
PE conjugated PAC1. To all the other tubes, 10 pL of each fluorochrome antibody being
used was added. All the tubes were incubated for 10 min in the dark before 100 uL 4%
paraformaldehyde was added to fix the cells. Each tube was then made up to 500 pL with
Dulbecco’s phosphate buffered saline (DPBS), wrapped with foil to keep light off the
samples and stored in the fridge until analysis. All samples were analysed using a BD Accuri

C6 Flow Cytometer (BD Biosciences, USA), (n = 3).

2.6.6 Cytometric Bead Array (CBA)

2.6.6.1 CBA Sample Preparation

Samples of planktonic or biofilm bacteria were incubated with PRP for 4 h or 24 h. Each
sample had 450 pL of biofilm-treated PRP or bacteria-treated PRP as described in 2.6.3
Platelet and Bacterial Incubation transferred to two Eppendorf tubes to which either 50 pL
of Tyrodes buffer or 50 uL of 50 uM ADP was added. The Eppendorf tubes were mixed via
inversion and left for 5 min before centrifugation at 3000 g for 10 min. The supernatants
were harvested from each Eppendorf tube and transferred into clean Eppendorf tubes,

which were stored at -80 °C until the samples were analysed.

2.6.6.2 Human Soluble Protein Flex Set Standards

Cytometric bead array (CBA) standards were prepared according to manufacturer’s
instructions. One vial of lyophilized standard for each BD CBA Human Soluble Protein flex
tested (RANTES) was opened and pooled in a 15 mL falcon tube as the 'Top Standard'. The
standards were reconstituted using 4 mL of Assay Diluent and equilibriated for at least 15

min without vortexing. The standard was diluted by pipetting 500 pL of the top standard
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into an additional 500 pL for the 1:2 dilution and mixed by pipetting. Dilutions were carried
on to obtained 1:4, 1:8, 1:16, 1:32, 1:64, 1:128 and 1:256 concentrations and a blank

containing just assay diluent was prepared.

2.6.6.3 Capture beads and PE Detection Reagent Preparation

The number of tests in the experiment were determined as the number of test samples
plus 10 for the standards and 2 added on to account for pipetting error. The capture bead
(CB) stock vials were vortexed for 15 s to ensure thorough resuspension of the beads.
Undiluted capture beads were provided so that 1 puL was used for 1 test. The volume
required of each capture bead stock was scaled according to the number of tests run and

the volume of capture bead diluent required was calculated as follows:

CB diluent (pL) = (Test Number x 50 pL) — (Cytokine Number x Test Number)
[6]
The capture beads were added to a tube containing the appropriate volume of CB diluent
labelled as calculated using the above equation to prepare the ‘Mixed Capture Beads’. The
same procedure was followed to prepare the 'Mixed PE Detection Reagent', using the PE
detection reagent provided in each kit and the detection reagent diluent. The mixed PE
detection reagent was stored at 4 °C and protected from light until ready to use. The
capture beads in each kit have a unique fluorescence and are coated in a specific antibody
for the analyte the kit was made for. The PE detection reagent contains detector antibodies

with a conjugated reporter molecule that binds to the analyte.
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2.6.6.4 Performing the Human Soluble Protein Flex Set Assay

Clean Eppendorf tubes were prepared by adding 50 uL of either a standard or a test
sample. The mixed capture beads were vortexed for 5 s and 50 uL was added to each tube
and gently mixed via inversion. The tubes were incubated at room temperature for 1 h.
After incubation, 50 pL of the mixed PE detection reagents were added to each tube, gently
mixed via inversion and incubated at room temperature for 2 h in the dark. Whilst
incubating, the flow cytometer was set up for the CBA samples. After incubation, 1 mL of
wash buffer was added to each tube, mixed via inversion and the tubes were centrifuged
at 200 g for 5 min. The supernatant was carefully aspirated and 300 pL of wash buffer was
added to each tube. Tubes were vortexed for 1 s to resuspend the beads. The standards
were analysed, starting at the lowest concentration, and then the samples were analysed.

The data was then exported to FCAP Array software (Version 3.0).

2.6.6.5 Flow Cytometer Setup for CBA

Two flow cytometer tubes were prepared containing the CBA set up beads for the flow
cytometer, one tube containing the F1 + Al beads with another containing the F1 + F9
beads. To both tubes, 350 uL of wash buffer was added along with 25 uL of each of the
beads required for the tube. The tubes were vortexed for 1 s. The CBA template was
opened and the 2 blue, 2 red instrument configuration was selected and the filter for the
FL3 laser was changed to the 780/60 filter. The setup beads were run with a 2000 event
limit in the R1 gate with a medium flow rate. Data was acquired for the F1 + Al tube,
ensuring bead population was within the R1 gate and the thresholds excluded the debris
but not the beads. Once acquisition was complete, colour compensation was performed
to correct FL4 by subtracting a percentage of FL3, starting low to avoid overcompensation.
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The beads were compensated so that the Al bead population moved from the upper-right
guadrant to the upper-left quadrant. Once the compensation was optimised, the
compensation was applied to all the samples. The F1 + F9 beads were run and the colour
was compensated by correcting FL3 by subtracting a percentage of FL4. Compensation was
performed until the median FL3 value for the lower-right quadrant matched the median
FL3 value for the lower-left quadrant (Compensation should typically be < 5 %). Once
compensated, it was applied to all the results and the file was saved as a template for

future acquisition of CBA flex kits.

2.6.7 Western Blot Assay

2.6.7.1 Western Blot Sample Preparation

Samples for Western blot were prepared after incubation using a modified
radioimmunoprecipitation assay (RIPA) buffer. Prior to use, both protease and
phosphatase inhibitor cocktails were added to the RIPA buffer, with a 1:1000 dilution of
each added. To Eppendorf tubes, 450 uL of test PRP was added. To each sample, 50 pL of
either Tyrodes buffer, 50 uM ADP or 10 U Thrombin was added and the Eppendorf tubes
were inverted to mix before being centrifuged at 1500 g for 5 min to pellet the cells. The
supernatant was removed and the samples were kept on ice whilst processing. To each
sample, 200 uL of modified RIPA buffer was added before the sample was vortexed at high
speed for 10 s and pipetted vigorously to mix. The samples were left on ice for 30 min, with
vortexing of each sample every 5 min for 30 min. Subsequently, the samples were vortexed
for 3 min to ensure full breakdown of the platelet membranes. Samples were centrifuged

at 13500 g (Prism chilled centrifuge, Labnet, USA) for 20 min in a pre-chilled 4 °C centrifuge
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and the supernatants were transferred to clean chilled Eppendorf tubes. Samples were run

using the bicinchoninic acid (BCA) protein assay and frozen at -20 °C until analysed.

2.6.7.2 Protein Assay

Bicinchoninic acid (BCA) protein assays were performed on each sample to ensure correct
protein concentration of the samples. Standards were made up according to the
manufacturer’s instructions, with standards containing increasing levels of bovine serum
albumin; 0 ug / mL, 25 ug / mL, 125 pg / mL, 250 pg / mL, 500 pg / mL, 750 pug / mL, 1000
ug / mL, 1500 pg / mL and 2000 pg / mL. To a 96 well plate, 25 uL of each standard and of
each test sample was added in duplicate. To each of these wells, 200 pL of the working
reagent (made up of 50 parts BCA reagent A with 1 part BCA reagent B) was added and the
wells were mixed by pipetting back and forth. The plate was incubated at 37 °C for 30 min
before being cooled back to room temperature. The plate was read using a plate reader
with a measured absorbance of 562 nm. The average absorbance of the blank standard, 0
ug / mL BSA, was subtracted from all the other measurements. A standard curve was
plotted using the blank corrected measurements of the standards vs. its concentration in
ug / mL. The standard curve was used to determine the protein concentration of each

unknown samples.

2.6.7.3 Gel Electrophoresis

Bio-Rad handcast glass plates (Bio-Rad Laboratories, UK) were stabilised using a mini-
PROTEAN Tetra cell casting stand (Bio-Rad Laboratories, UK) during casting. Resolver
solution was prepared by adding equal portions (3 mL of each per gel) of the TGX Stain-

Free FastCast acrylamide kit’s resolver A and Resolver B with 30 pL of 10 % ammonium
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persulfate (APS) and 3 pL of TEMED and pulse vortexed for 5 s to mix. The mixture was
carefully added to the cassette using an appropriate pipette, ensuring that no bubbles
formed and that the solution did not mix with air, filling the cassette to 0.5 cm — 1 cm
below the bottom of the comb teeth. To this, a stacker solution was carefully added by
pipetting down the middle of the cassette and filling to the top of the short plates, ensuring
the mixture did not mix with the resolver solution. The stacker solution was prepared using
equal portions (1 mL of each per gel) of the TGX Stain-Free FastCast acrylamide kit’s stacker
A and stacker B with 10 puL of 10 % APS and 2 uL of TEMED and pulse vortexed for 5 s to
mix. The comb was aligned and inserted into the cassette carefully to prevent air being
trapped under the comb teeth, and the gel was left to polymerize for 30 min - 45 min
before electrophoresis. Gels were either used immediately or wrapped in a paper towel
wetted with deionized water and then stored in an airtight container for up to 4 weeks at
4 °C. Gel cassettes were installed into a mini-PROTEAN tetra electrode assembly or
companion running module (Bio-Rad Laboratories, UK), placed into a buffer tank and
running buffer was added into the assembly or companion module to check for leaks. If
any leakage was determined, the gel cassettes were adjusted to ensure no leaks, and the
outer chamber was filled to the ‘2 gels’ or the ‘4 gels’ mark. Samples were diluted to
obtained 20 ug of protein in 15 uL of RIPA buffer, to which 5 uL of loading buffer was added
(a 3:1 ratio). Samples were mixed and put on ice for 10 min before incubating at 100 °C for
another 10 min in a heat block. The samples were centrifuged at high speed, 16,000 g, for
1 min to collate the sample at the bottom of the Eppendorf tube. The comb was gently
removed from the gel and the first well was loaded with 20 pL of Precision Plus Protein™
Dual Colour Standards and the samples were loaded into the remaining wells. The chamber

was connected to the power supply and run at 400 MA with 100 Volts for 10 min. Once it

66



was confirmed that the proteins were moving through the gel, the voltage was increased
to 125V for approximately 45 min until the bands of dye reached around 1 cm from the

bottom of the gel.

2.6.7.4 Nitrocellulose Transfer

Transfer buffer was used to wet two filter papers and a nitrocellulose membrane for 2.5
min before assembling the transfer stack in the Trans-Blot Semi-Dry SD Transfer Cell
system (Bio-Rad Laboratories, UK). One of the filter papers was placed at the bottom, the
membrane was placed onto this filter paper, then the gel was carefully removed from the
glass plates and added with the other filter paper placed on top. During each addition, the
roller provided was used to remove any air bubbles from the stack. The lid was locked in
place on the Trans-Blot cassette and the cassette was placed into the machine. The
transfer was run at 400 MA with 10 V for 40 min. The transfer was checked by submerging
the membrane into Ponceau S staining solution (0.2% (w/v) Ponceau S in 5% (v/v) acetic

acid) forupto 1 h.

2.6.7.5 Protein detection

After transfer, the membrane was placed into Tris Buffer Saline with 0.1% Tween 20 (TBST)
for 5 min with agitation to wash. The membrane was placed into a 5% BSA blocking
solution at room temperature for 1 h with agitation. After blocking, the diluted primary
antibody (Table 2.6.7.1) was added and incubated overnight at 4 °C. The primary antibody
was removed and the diluted secondary antibody (15 pL Anti-Rabbit IgG (Whole molecule)-
Peroxidase (A615W) antibody produced in goat (Sigma, MFCD00162788) in 15 mL of 2 %

BSA) was added and incubated at room temperature for 1 h with agitation. The membrane
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was removed from the secondary antibody and washed with TBST 3 times as earlier.
SuperSignal™ West Pico Chemiluminescent Substrate was prepared by combining 1 mL
SuperSignal™ West Pico Stable-Peroxide Solution to 1 mL of SuperSignal™ West Pico
Luminol/Enhancer Solution in a universal tube and protected from light. The membrane
was incubated with the chemiluminescent substrate for 5 min at room temperature before
being exposed in the Chemi Doc Touch Imaging System (Bio-Rad Laboratories, UK) to

visualise and detect the protein bands.

2.6.7.6 Membrane Stripping and Re-probing

After visualisation, the membrane was incubated in Restore™ Western Blot Stripping
Buffer for 15 min on a shaker to strip previously bound antibodies so that the control
antibodies could be tested. After incubation, the membrane was washed 3 times in TBST
as earlier and placed into blocking solution for 1 h at room temperature on an orbital
shaker (68 rpom). The membrane was incubated the corresponding primary antibody B
(Table 2.6.7.1) antibody overnight at 4 °C. The membrane was washed and incubated with
the secondary antibody, incubated with the chemiluminescent and visualised as described

in 2.6.7.5 Protein detection.

2.6.7.7 Protein Densitometry Measurements and Normalisation

Images obtained for the western blots were opened in Image Lab 6.0.1 (Bio-Rad
Laboratories, UK) and lanes were manually arranged over the lanes present in the blot
images. Bands on the Images were manually placed over the bands in the ladder lane to
determine protein size of bands present on the blot. Lanes were checked with the lane

profile tool to ensure that removal of excess background (Disk Size of 70 mm) was
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standardised and the background did not contain any peaks. Band volume (Intensity) for
each band was determined and recorded. Once band for both protein of interest and
housekeeping antibody were determined. The housekeeping antibody was standardised
by dividing each intensity by the intensity of the band with the highest intensity. The
protein of interest was standardised by dividing each band by its standardised
housekeeping intensity. The fold difference was determined by dividing the standardised

protein of interest intensity by the standardised protein of interest control value.

2.7 Data Handling and Statistical Analysis

All results were presented as mean * standard error (SE). Mean values were compared
using analysis of variance (ANOVA) to determine significant differences between mean

values at the 95% confidence level (p < 0.05).
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3.0 Surface Characterisation and Low Temperature Atmospheric
Pressure Plasma Treatment

3.1 Introduction

It has been well established that surface properties play a significant role in microbial
attachment and biofilm formation. A variety of features can influence the attachment of
microorganisms to a surface, including surface topography / roughness, chemistry and
physicochemistry. The surface roughness, caused by the topographical features present
on a surface, can play a major role depending on the size of the topography and also the
shape of the surface features. Surface features similar in size to the microorganism have
been suggested to have the most significant effect on microbial retention (Whitehead and
Verran, 2006).

Surface chemistry plays a role in microbial attachment by providing functional groups that
increase bacterial adhesion (Parreira et al., 2011). In the study by Parreira et al. (2011), it
was demonstrated that Helicobacter pylori preferentially adhered to self-assembled
monolayers (SAMs) that exposed a CH3 functional group whilst SAMs with an ethylene
glycol (EG4) functional group reduced H. pylori adhesion. Further, the EG4-SAMs samples
also both reduced the viability and influenced the morphology of adhered cells, whilst the
CH3-SAMs were mostly still viable and had standard morphologies. A previous study had
demonstrated similar results using Pseudomonas aeruginosa and S. epidermidis. In this
study the S. epidermidis preferentially adhered to the CH3 group whilst the P. aeruginosa
preferentially adhered to the ethylene glycol group, demonstrating that different bacteria

interact with functional groups differently (Cheng et al., 2007).
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The surface chemistry links into surface physicochemistry, which contributes to the
effectiveness of microbial attachment in the initial reversible attachment stage (Tuson and
Weibel, 2013). This is due to microorganisms typically initially adhering weakly to surfaces
via Lifschitz van der Waals forces, whilst other forces including hydrophobicity and acid-
base energies can also influence bacterial attachment and adhesion (Loza-Correa et al.,
2017). Since it is difficult to change the chemistries of the surfaces of the transfusion bags,
due to the regulations concerning such modifications, the aim of this chapter was to
modify the surface properties of the pPVC bags both by using a hot press to flatten the
surfaces, and /or followed by use of a gas plasma, to alter the surface physicochemical
properties by changing the electrochemical properties of the surface (Chapter 3), in order

to reduce bacterial retention and biofilm formation (Chapter 4)
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3.2 Results

3.2.1 Scanning Electron Microscopy

Upon initial analysis of the bags, it was determined that they were made of two sheets of
p-PVC melded together. The analysis of the PC bags was carried out on the inside faces of
the bags against which the platelet concentrates (PCs) would come into contact. SEM
images demonstrated that one inside face of the p-PVC had a diamond patterned surface,
which showed roughened features (rough surface) (Fig. 3.1a). The rough surface showed
pits along the edges of the diamond imprints of varying sizes. In comparison to this, the
other inward facing side of the p-PVC polymer demonstrated a smoother, more featureless
surface (smooth surface) (Fig. 3.1b). Due to the unexpected surface features, flattening of
the surfaces was performed to remove any surface features and determine whether this
was enough to reduce biofilm growth. Post flattening of the p-PVC, the surface was
demonstrated to be smoother still and without any discernible surface features (flat
surface) (Fig. 3.1c).

3.2.2 Optical Surface Profiling

Following quantification of the surface roughness, optical surface profiling demonstrated
that the rough surface inside of the platelet bag had the greatest levels of differing surface
topography (Fig. 3.1d). The mean surface roughness (Sq) of the rough surface varied
between the diamond bottom, ridges and the sides of the diamonds which were
demonstrated as having pits. A statistically significant reduction in the S; values were
observed from the rough surface (3549.8 nm) to the smooth surface (1021.2 nm) and a

further significant reduction was observed on the flattened surface (108.1 nm).
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Figure 3.1 SEM images of the un-inoculated p-PVC platelet bags a) rough (inside facing), b) smooth
(inside facing) and c) flattened surfaces d) surface roughness (S, value) of overall rough surface

features, pits and ridges of the rough surface features, smooth and flat surfaces Most significant

differences annotated with a *. (n = 3).
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3.2.3 Tensile Strength Measurements

Tensile strength measurements of both surfaces determined that there was no statistically
significant difference between the average tensile strength of the unmodified surface
(18.332 Mpa) and the flattened surface (15.145 Mpa), despite the higher average obtained
for the unmodified surface. Further, there was also no significant difference between the
elongation percentage for the unmodified surface (329.760 %) and the flattened surface

(358.720 %) (Table. 3.1).

Table 3.1 Tensile strength and elongation measurements for the unmodified and flattened surfaces

with standard errors (n = 3).

Tensile Strength (Mpa) Elongation (%)
Unmodified PVC 18.332 +0.301 329.76 +19.373
Flattened PVC 15.145 +1.531 358.72 +25.019
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3.2.4 Energy Dispersive X-ray
EDX determined that all three surfaces had no significant differences in the atomic weight

of their elemental makeup, typically between 78 % - 80 % Carbon, 12 % — 14 % Chlorine

and 7 % - 8 % Oxygen (Fig. 3.2).
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Figure 3.2 Energy Dispersive X-ray of the three surfaces demonstrating no significant difference in

their elemental makeup (n = 3).
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3.2.5 Attenuated Total Reflection- Fourier Transform Infrared Spectroscopy

The ATR-FTIR spectra of the surfaces were dominated by the major absorptions expected
in p-PVC (Fig. 3.3). The most dominant were C-H stretching (centred at ca 2900 cm™?), ester
carbonyl stretching from the plasticiser (1740 cm™) and C-O bending of the plasticiser ester
(1170 cm?). The C-Cl stretching vibration from the PVC itself at ca. 690 cm™ was also
present. Two very small absorptions appeared between the phthalate ester carbonyl
stretch and the C-H bending vibration of the PVC / plasticiser at 1458 cm™ (see Fig. 3.3
inset). The smooth unmodified surface (Fig. 3.3a) showed two small absorption peaks at
1576 cm™ and 1541 cm™, however, on the rough unmodified surface (Fig. 3.3b) only one
peak at 1539 cm™ was evident. Interestingly both peaks were absent on the flattened
surface (Fig. 3.3c). The peak positions matched the antisymmetric vasCOO™ stretching
vibration of carboxylate groups in unidendate (1577-1575 cm™) and bidendate (1544-1540
cmt) coordination with calcium (Génen et al., 2010). The carboxylate carbonyl absorptions
for the zinc stearate were simpler, just a single peak at ca 1540 cm™ (National Institute of

Standards and Technology (NIST) Web Book).
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Figure 3.3 ATR-FTIR spectra (average of n=3) of transfusion bag surfaces; (a) unmodified smooth

side, (b) unmodified rough side and (c) flattened surfaces. The carboxylate carbonyl antisymmetric

stretching vibrations (at 1577 and 1544 cm™) are highlighted with arrows. (n = 3)
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3.2.6 Raman Spectroscopy

Raman spectroscopy (Fig. 3.4) demonstrated no discernible differences in the peaks
observed. The PVC was identifiable by the two peaks at 635 cm™ and 695 cm™ representing
the C-Cl stretching vibration bonds and the high intensity determined at 2916 cm™ was
assigned to the stretching vibrations of the C-H bonds present in the PVC (Solodovnichenko
et al., 2016). The peak around 1440 cm™ also represents the C-H stretching, whilst the CH
bending of the CHCI group was observed at 1326 cm™ (Kerr et al., 2013). The small peak
around 1750 cm™ was one of the characteristic peaks of phthalate esters, such as the DEHP

present in the p-PVC bags (Ngrbygaard and Berg, 2002).
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Figure 3.4 Raman spectroscopy of the three surfaces demonstrating no significant changes in the

peaks. (n =3)
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3.2.7 Physicochemistry

Physicochemistry measurements between the smooth and rough surfaces demonstrated
that there were no significant differences in the results (Fig. 3.5). An increase in the Gibbs
Free (AG) (Fig. 3.5a) energy (to -40.2 mj/m?) demonstrated that flattening of the surfaces
resulted in the surface becoming less hydrophobic. However, the flat modified surface
maintained similar Lifschitz van der Waals force (ysLW) (Fig. 3.5¢) values (45.2 mj/m?) as
the unmodified (smooth (48.9 mj/m?) and rough (45.6 mj/m?)) surfaces. The higher base
energy (ys-) (Fig. 3.5e) on all the surfaces (rough (7.3 mj/m?), smooth (7.5 mj/m?) and flat
(9.7 mj/m?)) demonstrated that the surfaces were electron donating rather than electron
accepting. Flattening the p-PVC resulted in an increase in both the acid (ys+) (Fig. 3.5e)
(from 0.4-0.5 mj/m?to 1.8 mj/m?) and base (ys-) (Fig. 3.5f) (from 7.3-7.5 mj/m? to 9.7
mj/m?) energies demonstrating the surfaces’ ability to donate and accept electrons had

both increased.
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Figure 3.5 Physicochemistry results of the rough, smooth and flattened surfaces a) Gibbs free
energy (AG), b) surface energy (ys), c) Lifschitz van der Waals forces (ysLW), d) acid base
components (ysAB), e) acid component (ys+) and f) base component (ys-). Note that a, b and c are

on the same scale and d, e and f are on a different scale. (n = 5)
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3.2.8 Effect of LTAPP on Surface Physicochemistry

The rough, smooth and flattened surfaces were treated with LTAPP, via dielectric barrier
discharge to determine whether this treatment could alter the surface physicochemistry
of the polymer (Fig. 3.6). Analysis of the physicochemistry revealed that the overall surface
energy of all the surfaces decreased after either 1 or 10 second treatments. Further, a
reduction in the acid and base energies was observed, indicating a reduction in the
surfaces ability to donate or accept electrons post treatment.

The stability of a surface in terms of its surface energy following LTAPP treatment was
investigated to ensure that any alterations to the surface properties of the p-PVC were
stable over time. The surface energy results following LTAPP treatment of the p-PVC
demonstrated an inconsistent degeneration over time, where certain surface energies
fluctuated up and down (Fig. 3.7). For example, the Gibbs Free energy increased from -
31.88 mJ/m? to -23.16 mJ/m? after 24 h but then decreased to -29.67 mJ/m? after 48 h
then increased again after 120 h to -12.01 mJ/m?before decreasing again to -18.53 mJ/m?
after 168h.

It was important to determine whether the physicochemistry of the platelet bags was
consistent between different bags within the same batch, and between different batches
(Fig. 3.8). Only the Lifschitz van der Waals forces (ysLW) appeared to be consistent
throughout, within the same batch or between batches. The Gibbs free energy (AG) has
the highest variance of around 25 % difference between the lowest and highest values,

whilst the acid base energies (ysAB) had the smallest variation value.
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Whilst ATR-FTIR, Raman and surface roughness were measured for the LTAPP treated
surfaces, their results did not differ from those of the untreated surfaces. Due to them

being the same as the unmodified surfaces the data has not been presented.
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Figure 3.6 Surface energy results of untreated and plasma treated surfaces. Graphs represent a.
Gibbs free energy (AG) b. total surface energy (ys) c. Lifschitz van der Waals forces (ysLW) d. acid
base energies (ysAB) e. acid energy (ys+) and f. base energy (ys-). (n=5)
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Figure 3.7 Surface energy results of plasma treatment degeneration over time. Graphs represent

a. Gibbs free energy (AG) b. total surface energy (ys) c. Lifschitz van der Waals forces (ysLW) d. acid
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Figure 3.8 Surface energy results of different batches. Graphs represent a. Gibbs free energy (4G)
b. total surface energy (y:) c. Lifschitz van der Waals forces (ysLW) d. acid base energies (y:AB) e.
acid energy (ys+) and f. base energy (ys-). B1.1, B1.2 and B1.3 represent the three bags from batch

one and B2.1, B2.2 and B2.3 represent the three bags from the second batch. (n = 5)
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3.3 Discussion

3.3.1 Characterisation of Unmodified and Flattened p-PVC Surfaces

The surface properties of PC bags were characterised to determine the effect of a physical
alteration, that was lowering the surface topography by flattening the surfaces using a hot
press. Observations of the topography of the surfaces via SEM and optical surface profiling
demonstrated that the diamond cross-print pattern observed on the rough surface
demonstrated a highly roughened surface, whilst the flattening of the surface significantly
reduced the overall surface roughness. This was significant as the preference for defined
surface features by bacteria has been previously demonstrated, with increases in
roughness linked to an increase in bacterial retention due to greater surface contact area
between the surface and a bacterium (Whitehead et al., 2005; Whitehead and Verran,
2006). The surface roughness did not appear to affect the surface energies, as the surface
energy properties of both the rough and smooth surfaces were similar. However, the
flattened surface which demonstrated no surface features did present differences in
surface energies, indicating that the flattening procedure changed the surface energy. The
changes observed in the surface energy of the flattened surface led to the surface having
a reduction in hydrophobicity as well as increasing its overall ability to accept and donate
electrons, whilst maintaining a preference for accepting electrons. These changes could
reduce or increase bacterial adherence to the flattened surface, depending on the surface
energy components of the bacteria themselves.

No significant changes were determined in the tensile strength between the unmodified
and the modified surfaces, indicating that the ability of the modified surface to withstand
handling had not been compromised despite physical modifications to the surfaces of the

bags.
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No significant changes were detected in the chemical composition of the three surfaces
when analysed via EDX. This indicated that whilst some changes were detected in other
surface analysis techniques, the chemical elements that made up the three surfaces were
retained in similar proportions. Further, the slight changes that were visible were on the
rough surface, which was likely caused due to the uneven surface potentially altering the
emission of characteristic X-rays from its surface, but when the error bar was taken into
account then no difference was determined.

The analysis of the surface chemistry via Raman and ATR-FTIR demonstrated that most of
the spectra for all the surfaces were significantly similar, with only small differences
determined in the ATR-FTIR spectra. Whilst the C-CL stretching vibration of PVC would be
a strong band in non-plasticised PVC, the high level of plasticiser in the samples caused
absorptions from the latter to dominate the spectrum. Aromatic C-H stretching and
deformation absorptions (3060 cm™- 3100 cm™ and 1600 cm™ - 1580 cm?, respectively)
were absent from the spectrum confirming that a phthalate plasticiser had not been used
in this particular platelet bag formulation. Absence of phthalates was further supported by
the specific wavenumber of the ester carbonyl stretching absorption; phthalate carbonyl
groups absorb at ca. 1730 cm™?, whereas adipate and sebecate carbonyl groups absorb at
ca 1740 cm™ (Wypych, 2017).

The two carboxylate carbonyl peaks (1576 cm™and 1541 cm™), indicated the presence of
calcium / zinc stearates on the surface and / or within ca. 1.8 um of the surface, and were
present for the smooth, and to a degree the rough surfaces. However, after the flattening
process the two carboxylate carbonyl absorptions were no longer present, suggesting that
during the flattening process the calcium stearate either diffused more deeply (i.e., deeper

than ca 1.8 um) into the p-PVC or was preferentially adsorbed on to the polyester
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separating sheets, either way, calcium / zinc stearate could no longer be resolved by ATR-
FTIR. An identical observation has been made by Bodecchi et al. (2005) in ATR-FTIR studies
on plasticised PVC that had been sterilised by y-irradiation, where it was argued that the
stearate diffused further into the p-PVC. Combinations of calcium and zinc stearates have
been reported to form complexes during the stabilisation of PVC, with the combined
carboxylate carbonyl stretching vibrations of the complex resulting in an absorption at
1600 cm™, but no such absorption was evident (Benavides et al., 1995). This indicated that
the stearates had been removed or diffused deeper into the substrate, rather than
becoming complexed / combined because of elevated temperatures experienced by the
p-PVC during the flattening operation. The spectrum of the rough surface was noisier than
the smooth and flat surface due to the rough surface having an impaired contact with the
internal reflection element of the ATR accessory.

The contact angle measurements demonstrated that the unmodified surfaces had lower
surface energies than the flattened surface, and this observation indicated that a fraction
of the stearates had bloomed to the surface of the unmodified substrates; the increase in
surface energy of the flattened substrate is corroborated by the absence of stearates on
this sample. As the p-PVC had a relatively polar surface it may be that the bloomed calcium
/ zinc stearates were adsorbed with the carboxylate groups facing the surface, leaving the
stearyl (Ci7H3s) tails pointing away from the surface. The latter may account for the
unidentate form of calcium stearate, absorbing at ca. 1576 cm™. If the local surface
concentration of calcium stearate was high enough, the stearyl tails of the bidentate form
(absorbing at ca. 1541 cm™) in the form of a bi-layer with Ca?* ions in between, could
incorporate the unidentate forms in wax-like self-assembled surface structures (Lu and

Miller, 2002). Such structures could have contributed to the reduced surface energy of the
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unmodified surfaces. The marginally higher values of y, y*and ys"® obtained for the smooth
unmodified surface, relative to the rough unmodified surface, may have been due to
incorporation of some unidentate carboxylate, with the carboxylate group pointing away
from the p-PVC, within the self-assembled structures. The rough unmodified surface
showed only one carboxylate absorption at 1539 cm™, indicating the presence of bidentate
calcium stearate, possibly with a small amount of zinc stearate. However, a uniform
monolayer of stearate composed of stearyl chains, pointing away from the substrate in a
self-assembled array, will have a very low surface energy of 22-24 mJ/m?. However, the
latter here was clearly not the case and the implication is that the surface coverage with
calcium / zinc stearate was not uniform (Shafrin and Zisman, 1960). It may be that the
stearates exist as micron-scale patches on the surface of the p-PVC.

Unlike FTIR, Raman spectroscopy demonstrated no noticeable differences in the spectrum
obtained for all three surfaces. This may be due to how Raman works in comparison to
FTIR, such as Raman spectroscopy measuring relative frequencies whilst FTIR measures
absolute frequencies. Further, FTIR is sensitive to hetero-nuclear functional group
vibrations and polar bonds, especially OH stretching, which may have enabled FTIR to

detect the changes in the stearyl chains whilst Raman spectroscopy did not.
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Figure 3.9 Schematic representation of possible adsorbed structure of calcium stearate on the
unmodified p-PVC surfaces. The straight lines represent the Ci7Hss chains, the open circles
represent the carboxylate group (COO") and the closed (black) circles represent the calcium (Ca%)

ions (adapted from) (Lu and Miller, 2002).
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3.3.2 Effect of LTAPP on Surface Physicochemistry

The fluctuating surface energies observed when testing plasma degeneration over time
demonstrated that this method could not be used in its current form to modify the p-PVC
platelet bags. Since there was variability across a single bag, it was difficult to differentiate
the effect the plasma had on the surfaces. However, whilst the surface energy readings of
the unmodified platelet bag fluctuated, they appeared to be between a selected range of
values. Thus, using plasma treatment on this surface with such variables could lead to
unexpected and unreliable data. However, it may be possible to use on a more controlled

surface.

3.4 Conclusion

The results demonstrated that hot pressing the p-PVC surface significantly reduced the
surface topography that was observed using SEM and optical surface profiling, whilst
maintaining surface tensile strength. Further, the surface chemistry remained mostly
unchanged, with only a change in two small peaks determined by FTIR and no changes via
Raman spectroscopy. Physicochemical measurements determined more changes in the
flattened surface, with increases in both the Gibbs free energy and the acid-base energies
observed. Finally, atmospheric plasma treatment of the surfaces was determined to be
unsuitable due to the inconsistency and fluctuation observed in the treated surfaces over

time.
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4.0 Bacterial Attachment and Biofilms

4.1 Introduction

Bacterial adhesion and biofilm formation is a very complex and multifactorial process, with
differences in the bacteria, the surface and the environment all contributing to biofilm
development (Desrousseaux et al., 2013). Initial weak adhesion to a surface originates
mostly from Lifshitz Van der Waals forces, but is also influenced by surface and bacterial
hydrophobicity and their electrostatic properties (Busscher and van der Mei, 2012). Once
weakly adhered, a stronger adherence is established via the use of cell adhesin structures,
such as pili, flagellum or adhesive substances (Persat et al., 2015). These cell adhesin
structures may make it significantly more difficult to remove the bacteria and they start to
produce an extracellular polymeric substance, or ‘slime’, which encases the bacterial
community (Donlan, 2002; Busscher and van der Mei, 2012). This extracellular substance
is usually primarily composed of polysaccharides, but can also contain DNA, lectins, lipids
and proteins (Bjarnsholt, 2013). Upon biofilm maturation, the bacterial population can
communicate via quorum sensing (QS), which allows the biofilm to regulate gene
expression and overall behaviour, leading to increased resistance to antimicrobials and
altered proliferation (Miller and Bassler, 2001). This ability to communicate within a
biofilm is not limited to just a single species but allows communication across multiple
species contained within a given biofilm (Miller and Bassler, 2001).

Of the two species used throughout this work, both demonstrated different cell adhesion
methods other than physical cell structures such as pili. The adhesions used for attachment
to a surface also differs depending on the surface type, as one study found that Ser.

marcescens attachment to an abiotic surface was regulated by the QS based N-acyl
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homoserine lactone whilst the biotic surface was not. However, the study also discovered
that two genes, bsmA and bsmB, were involved in both biotic and abiotic surface adhesion.
The study also discovered that QS regulated two other cell surface adhesins,
exopolysaccharide and outer membrane protein OmpX (Labbate et al., 2007). S.
epidermidis has multiple cell adhesion mechanics, especially a few that enable it to adhere
to plastics such as autolysin AtlE, as an S. epidermidis mutant with a defect of an
atlE::Tn917 transposon lost its ability to adhere to plastic surfaces (Heilmann et al., 1997).
However, it may be that the effect of AtIRE on attachment is secondary as activation of
AtIE induced significant changes in cell surface hydrophobicity (Otto, 2014). Further, S.
epidermidis biofilms contain polysaccharide intercellular adhesion (PIA), which is mediated
by icaADBC, that increases the adherence of S. epidermidis to polymers (de Allori et al.,
2006; Frank et al., 2007).

This chapter aimed to demonstrate how changes in the surface properties can alter how

bacteria interact with the surface and form biofilms.
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4.2 Results

4.2.1 Scanning Electron Microscopy

SEM of the surfaces with bacteria demonstrated that the density of Ser. marcescens and
S. epidermidis was similar on all surfaces (Fig. 4.1). The bacteria were observed to be
clumped in and around the pits of the rough surface with fewer cells spread around the
other surface features (Fig. 4.1a/b). The number of cells present on the smooth surface
appeared significantly reduced, and most cells formed small clusters (Fig. 4.1c/d). On the
flat surface, both species demonstrated very low coverage with only a few cells visible (Fig.

4.1e/f).
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Figure 4.1 SEM images of the inoculated p-PVC platelet bags a/b) rough (inside facing), c/d) smooth
(inside facing) and e/f) flattened surfaces. Images a,c and e contain S. epidermidis and images b, d

and f contain Ser. marcescens. Black arrows indicate bacterial cells.
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4.2.2 Microbial Adhesion to Hydrocarbons (MATH) Assays

The MATH assay for Ser. marcescens (Fig. 4.2a) demonstrated a low affinity for the apolar
n-alkanes decane (6.33 %) and hexadecane (5.24 %), whilst having a moderate affinity for
the acidic (Lewis-acid) solvent chloroform (43.97 %) and the basic (Lewis-base) solvent
ethyl acetate (50.12 %). Pairs were chosen as having one polar and one non-polar liquid,
both with similar Lifschitz van der Waals forces (Bellon-Fontaine et al., 1996). The
extremely low affinity (< 10 %) towards both non-polar hydrocarbons decane and
hexadecane determined that Ser. marcescens was highly hydrophilic, which was supported
by the bacteria having a greater affinity to the polar solvents chloroform and ethyl acetate
(Min et al., 2006; Skovager et al., 2012; Szlavik et al., 2012). The stronger affinity for both
of the polar solvents (chloroform and ethyl acetate) when compared with their non-polar
counterpart (hexadecane with chloroform and decane with ethyl acetate) further
indicated that Ser. marcescens was both a moderate electron donor and a moderate
electron acceptor (Skovager et al., 2012). However, when compared in their pairs
(chloroform and hexadecane against ethyl acetate and decane), the value for ethyl acetate
and decane was higher, which demonstrated that the bacteria were better electron donors
than acceptors (Skovager et al., 2012). This was further supported by the higher affinity to
chloroform than to hexadecane (Bellon-Fontaine et al., 1996).

In contrast, S. epidermidis’ MATH assay results (Fig. 4.2b) were significantly different to
that of Ser. marcescens, demonstrating a high affinity to the apolar n-alkanes decane
(98.21 %) and hexadecane (97.76 %) whilst also having a high affinity to the acidic solvent
chloroform (98.44 %). The high affinity (> 55.00 %) to both non-polar hydrocarbons decane
and hexadecane determined that S. epidermidis was highly hydrophobic. This was

supported by the higher combined affinity to the non-polar hydrocarbons (decane and
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hexadecane) when compared against the polar hydrocarbons (chloroform and ethyl
acetate). The significantly higher affinity of S. epidermidis to the acidic solvent chloroform
compared to the basic solvent ethyl acetate (30.67 %) indicated that the bacteria were
strong electron donors. S. epidermidis as an electron donor was further supported by a
higher combined value of chloroform and hexadecane compared to ethyl acetate and
decane. S. epidermidis also had a moderate affinity to the basic solvent ethyl acetate
indicating that whilst it was a strong electron donor it also had moderate electron
accepting properties. This determined that S. epidermidis was highly hydrophobic and was

a strong electron donor, with lesser electron accepting properties.
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Figure 4.2 MATH assays of a) Ser. marcescens and b) S. epidermidis demonstrating affinity to the
apolar n-alkanes decane and hexadecane and to the solvents chloroform (acidic) and ethyl acetate

(basic). (n=3)
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4.2.3 Biofilms at 22 °C

Biofilm growth of both Ser. marcescens and S. epidermidis following incubation in platelet
storage conditions (22 "C) on the p-PVC for 5 or 7 days was assessed using a crystal violet
assay (Fig. 4.3). Following 5 days’ incubation, Ser. marcescens demonstrated a significant
decrease in the amount of biofilm formed on the flattened (1.75) surface when compared
to the rough (3.26) or smooth (2.94) surfaces (Fig. 4.3a). Whilst a decrease in the amount
of growth on the flattened (2.60) surface compared to with that on the rough (3.66)
surface was observed at day 7, it was less apparent than after 5 days, and no significant
decrease was observed between the smooth and flat surfaces after 7 days (Fig. 4.3a).
Similarly, S. epidermidis demonstrated a reduced growth on the flat (1.06) surface
compared to the rough (1.96) and smooth (1.42) surfaces after 5 days of incubation,
despite demonstrating significantly less growth overall (Fig. 4.3b). However, after 7 days’
incubation there was no significant difference between the rough (2.13), smooth (1.94) or

flat (2.04) surfaces (Fig. 4.3b).
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Figure 4.3 Five and seven-day biofilm growth of a) Ser. marcescens and b) S. epidermidis on the
unmodified (rough and smooth) and flattened p-PVC surfaces at 22 °C. The control surfaces
followed the same procedure but were inoculated with sterile distilled water. Most significant

differences annotated witha *. (n=6)
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4.2.4 Biofilms at 37 °C

Biofilm growth of both Ser. marcescens and S. epidermidis following incubation at 37 °C on
the p-PVC for 5 or 7 days was assessed using a crystal violet assay as previously described
(Fig. 4.4). Following 5 days’ incubation, Ser. marcescens demonstrated a significant
decrease in the amount of biofilm formed on the flattened (0.49) surface when compared
to the rough (1.24) or smooth (1.10) surfaces (Fig. 4.4a). A reduction in the amount of
growth on the flattened (0.86) surface compared to both the rough (1.70) and smooth
(1.41) surfaces was also observed at day 7 (Fig. 4.4a). However, whilst S. epidermidis
appeared to demonstrate a reduced growth on the flat (2.40) or smooth (2.38) surface
compared to the rough (2.87) surfaces after 5 days of incubation, it was not a significant
difference (Fig. 4.4b). Further, after 7 days’ incubation the difference was reduced

between the rough (3.06), smooth (2.79) or flat (2.55) surfaces (Fig. 4.4b).
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Figure 4.4 Five and seven-day biofilm growth of a) Ser. marcescens and b) S. epidermidis on the
unmodified (rough and smooth) and flattened p-PVC surfaces at 37 °C. The control surfaces
followed the same procedure but were inoculated with sterile distilled water. Most significant

differences annotated witha *. (n=6)
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4.3 Discussion

The biofilms were grown for 5 or 7 days to simulate the real time spans that platelets are
stored between. When observing biofilm growth at 22 °C of both bacterial species on the
smooth and flattened surfaces and comparing this with growth observed on the rough
surface, it was demonstrated that there was significantly more growth on the rough
surface. The only exception to this was after 7 day’s incubation with S. epidermidis where
no significant differences were determined. Since the chemistry and physicochemistry of
the rough and smooth surfaces were the same, this could only be due to a topographical
effect with respect to the smooth surface. The similar growth on all the surfaces after 7
day’s incubation with S. epidermidis may have been caused by a build-up of conditioning
film and cells after the 5 days which meant that any surface topography, chemistry or
physicochemistry effects on biofilm growth were negated. When the biofilms were grown
at 37 °C, fewer differences were observed between the three surfaces. Whilst Ser.
marcescens still demonstrated a difference in biofilm growth observed on the flat surface,
S. epidermidis demonstrated no significant differences between any of the surfaces. This
may be due to the higher temperature increasing growth and reducing any limitation the
surfaces may have had on the growth ability of the organism.

The effect of flattening the surface resulted in the most pronounced biofilm reduction with
Ser. marcescens after 5 days at 22°C. It is suggested that for Ser. marcescens, which
demonstrated moderate electron donor and accepting properties, as well as highly
hydrophilic properties, the reduction in hydrophobicity of the flattened surface reduced
initial adherence of the bacteria to the surface (Bellon-Fontaine et al., 1996; Min et al.,
2006; Skovager et al., 2012; Szlavik et al., 2012). However, the reduced biofilm growth
could also be due to the lack of features present on the flattened surface which reduced
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surface area contact between the bacteria and the surface. A combination of both factors
was most likely to be the cause of the lowered retention of Ser. marcescens to the flattened
surface. However, it is difficult to determine which surface parameter had the most
influence.

With respect to S. epidermidis, this organism was found to be highly hydrophobic and have
strong electron donor properties. Therefore, it would not be unreasonable to assume that
on the flattened surface which has reduced hydrophobicity and electron accepting
properties, there would be an increase in total biofilm mass due to a potential initial
increase (Dunlap et al., 2005; Min et al., 2006; Skovager et al., 2012; Szlavik et al., 2012).
However, our results demonstrated initial decreased biofilm growth on the flattened
surface when compared to the rough after 5 days, which may be attributed to the lack of
surface features. Further, it is uncertain as to how long the surface features would be able
to contribute to biofilm growth and formation due to build-up of growth, as well as how
viable the bacterial cells present in the biofilms would be.

Although data exists to support the theory that bacteria, which are generally negatively
charged, will preferentially adhere to negatively charged surfaces, there are conflicting
results in this area due to assays being carried out in a number of different ways and under
different environmental conditions (Min et al., 2006; Zeraik and Nitschke, 2010;
Whitehead et al., 2015). However, it is clear from the present study that a reduction in
surface topography of the smooth and flattened surface resulted in a reduction in biofilm
formation for both bacterial species after 5 days incubation, and after 7 days’ for Ser.
marcescens.

Over time, it appeared that the reduction of biofilm formation between the unmodified

surfaces and the flattened surface was lessened as the reduction in growth was much
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greater at the 5-day point than what was observed after 7 days. This may be due to a build-
up of adhered cells to the surfaces, which would gradually mask the underlying surface
properties and allow adherence of further cells.

There is conflicting evidence regarding how significant the surface properties such as the
roughness and physicochemistry are in determining bacterial retention, and hence biofilm
formation. It has previously been determined that under the conditions of flow on p-PVC
surfaces, bacterial adhesion was influenced by the surface roughness (Katsikogianni and
Missirlis, 2004; Katsikogianni et al., 2006). However, it has also been demonstrated that p-
PVC surface colonisation by Pseudomonas aeruginosa and S. epidermidis was independent
of surface roughness and wettability (Eginton et al., 1995). Furthermore, previous work
completed by our group has demonstrated that whilst hydrophobic bacteria tend to
adhere more to a hydrophilic surface and vice versa, some bacterial species can adhere

better to a surface that has the same wettability (Whitehead et al., 2015).

4.4 Conclusion

Whilst reduction in biofilm growth was observed for Ser. marcescens at both
temperatures, reduction was only observed for S. epidermidis at 22 °C after 5 days. Further,
both organisms demonstrated different amount of growth depending on the temperature,
with Ser. marcescens demonstrated greater growth at 22 °C and S. epidermidis
demonstrating greater growth at 37 °C. It also appeared that neither surface chemistry or
physicochemistry had a significant influence on the biofilm growths in this instance, with
the topography, specifically the surface roughness, having the greatest influence on

biofilm biomass.
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5.0 Conditioning Films

5.1 Introduction

It has been well established that once a surface becomes exposed to the environment it
immediately starts to adsorb a conditioning film and thus becomes fouled (Loeb and
Neihof, 2009). This conditioning film acts as a layer between the surface and the
environment, altering how the surface interface interacts with external materials (Garrett
et al., 2008). A significant area of research surrounding conditioning films is how they can
influence and alter interactions between a surface and bacteria, with significant
importance placed on their effects on bacteria. It is understood that a conditioning film on
a surface can mask the underlying features of the surface and alter the ability of bacteria
to be retained, with the adsorbed molecules potentially stimulating or decreasing bacterial
attachment (Greco-Stewart et al., 2013). However, it is also understood that the nature of
the CF can vary significantly depending upon the conditions of the environment in which
the substrate is within (Lorite et al., 2011). For example, environment CFs can be formed
on surfaces exposed to seawater as described by Loeb and Neihof (2009), but can also be
formed by bodily fluids (such as blood, tears, saliva and urine) on biomaterials (Lorite et
al., 2011).

Due to a conditioning films ability to alter the forces that enable the initial weak
attachment of bacteria, such as Lifschitz van der Waals forces, before becoming adhered
using adhesion structures it is important to understand how CFs affect attachment
(Busscher and van der Mei, 2012). One study by Cardile et al. (2014) demonstrated that
the addition of human plasma to media increased S. aureus biofilm formation, with

differences in biofilm phenotypes and cell morphology was also determined. However,

106



another study by She et al. (2016) demonstrated that human serum components had
antibiofilm effects on S. epidermidis biofilms, but not on established biofilms. Further, a
study by Linnes et al. (2012) demonstrated that surfaces conditioned with adsorbed
fibronectin reduced the adhesion of S. epidermidis to a surface dependent upon the
amount of adsorbed fibronectin. However, S. epidermidis can produce a binding protein
that enables it to bind to a different human plasma component, fibrinogen, that has been
conditioned onto a surface (Hartford et al., 2001). These studies demonstrated the
complexity of surfaces that have been conditioned and how they can significantly alter the
interactions between bacteria and a substrate. Therefore, this chapter was aimed at

demonstrating the importance of conditioning films their effects on surface properties.
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5.2 Results

5.2.1 Scanning Electron Microscopy (SEM)

SEM images of S. epidermidis (Fig. 5.1.1) demonstrated that almost no bacteria were
adhered to any of the surfaces following 1 h or 24 h incubation. However, debris was
present which may have come from lysed bacteria. On the rough surfaces after 24 h, there
appeared to be a significant amount of material on the surface within the pits present
compared to the 1 h rough surface or the control surface, which looked as though there
may be bacteria retained within the surface features (Fig. 5.1.1b). Both the rough surface
after 1 h and the smooth surface after 24 h (Fig. 5.1.1a/d) demonstrated what appeared
to be a clump of bacteria on the surface, with the masses of bacteria bound together.
However, whilst clumps also appeared on the 1 h flat surface the clumps appeared to be
more likely to be dust without anything resembling bacteria.

When Ser. marcescens was imaged under SEM (Fig. 5.1.2) only the rough surface after 1 h
(Fig. 5.1.2a) appeared to have any bacteria present. However, they appeared to be
distorted in shape, perhaps indicating that the cell shape had become damaged. Further,
little debris was found on the surfaces, with only the smooth and flat surfaces after 24 h
(Fig. 5.1.2d/f) demonstrating a large amount of debris that may have come from lysed

bacteria.
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Figure 5.1.1 SEM of a/b) rough, c/d) smooth and e/f) flat images after 1h (a, c, ) or 24 h (b, d, f)

incubation with a S. epidermidis conditioning film. Blue arrows represent bacterial cells and black

arrows represent biomasses.
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incubation with a Ser. marcescens conditioning film. Blue arrows represent bacterial cells.
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When the surfaces were fouled with a human plasma CF (Fig 5.1.3), as expected no
bacteria were observed on the surfaces. However, all the surfaces had observable debris
which was likely from adsorbing molecules, such as fibrinogen, fibrin or albumin, from the
human plasma. Further, the rough surface after 24 h (Fig. 5.1.3b) demonstrated the most
significant amount of debris/molecules adsorbed onto its surface, likely due to retention

of the organic material in the surface features.
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Figure 5.1.3 SEM of a/b) rough, c/d) smooth and e/f) flat images after 1h (a, c, ) or 24 h (b, d, f)

incubation with a human plasma conditioning film. Blue arrows represent bacterial cells.
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The combination of human plasma and S. epidermidis (Fig. 5.1.4) had both bacteria and
particles from the human plasma observable on all the surfaces, with only the rough
surface after 1 h (Fig. 5.1.4a) having no observable cells. Both the smooth and flat surfaces
with a 1 h incubation (Fig. 5.1.4c/e) only had a low number of particles and only a few
bacteria observable.However, after 24 h all the surfaces demonstrated a significant
increase in bacteria and particles present on the surfaces. After 24 h the rough surface (Fig.
5.1.4a) demonstrated small clumps of bacteria that were concentrated around pits present
on the surface with a spread of particles across the whole surface. The smooth surface
after 24 h (Fig. 5.1.4d) demonstrated small clumps of bacteria on the surface with some
particles present. Finally, the flat surface after 24 h (Fig. 5.1.4f) demonstrated a significant
increase in the number of bacteria present, which again formed clumps, and a significant
increase in particles spread over the surface.

When human plasma and Ser. marcescens were combined (Fig. 5.1.5) a substantial
difference between the 1 h and 24 h CFs was observed. After 1 h, some particles and a few
cells were observable on the surfaces, but the number of cells was significantly increased
after 24 h. All three surfaces demonstrated a layer of cells spread over them with a 24 h
incubation, with a coverage of greater than 50 %, with both the rough and smooth surfaces
(Fig. 5.1.5 b/d) appearing to have the most cells present. However, how much human

plasma was adsorbed on the surfaces was not visible due this layer of cells.
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Figure 5.1.4 SEM of a/b) rough, c/d) smooth and e/f) flat images after 1h (a, c, e) or 24 h (b, d, f)

incubation with a human plasma with S. epidermidis conditioning film. Blue arrows represent

bacterial cells.
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Figure 5.1.5 SEM of a/b) rough, c/d) smooth and e/f) flat images after 1h (a, c, ) or 24 h (b, d, f)
incubation with a human plasma with Ser. marcescens conditioning film. Blue arrows represent

bacterial cells (24h has no arrows as the surfaces are covered in cells).
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5.2.2 Optical Surface Profiling

Optical surface profiling of the surfaces was performed to determine average surface
roughness of each surface after CF treatments. The average roughness (Sq Value) of the
rough surface demonstrated a reduction in the roughness following surface treatment for
all the conditioning films after 1 h or 24 h except for the Ser. marcescens 24 h conditioning
film. The CF that demonstrated the greatest reduction on the rough surface compared to
the rough control value (3.55 um) was the 24 h human plasma CF (2.05 um) closely
followed by the 24 h Ser. marcescens in human plasma CF (2.10 um). Further, all the CF
involving human plasma on the rough surface demonstrated greater reductions in the
average roughness than those without.

Unlike the rough surface, the smooth surface demonstrated both reductions and increases
in the average roughness of the surface after CF treatment compared to the smooth
control (1.02 um). The 24 h human plasma CF (0.7 um) demonstrated the greatest
reduction in roughness on the smooth surface, with both the 24 h S. epidermidis in dH,0
(0.79 um) and the 24 h Ser. marcescens in human plasma (0.86 um) demonstrating
reductions also. However, whilst the 24 h Ser. marcescens in human plasma demonstrated
reductions it also demonstrated the greatest increase at 1h (1.35 um).

Finally, for the flat surface, due to the surface roughness already being significantly low
(0.11 um) when compared to the other two surfaces, most of the CFs demonstrated an
increase in the average roughness or no significant change. The three that demonstrated
a reduction in roughness on the flat surface were the 1 h S. epidermidis in dH,0 (0.07 um),
1 h Ser. marcescens in dH,0 (0.08 um) and the 1 h S. epidermidis in human plasma (0.1

um). Further, in contrast to the rough surface, the 24 h Ser. marcescens in human plasma
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on the flat surface demonstrated the greatest increase (0.29 um) closely followed by the 1

h human plasma CF (0.25 um).
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Figure 5.2 Average roughness of the conditionings on the a) rough, b) smooth and c) flat surfaces.

Most significant differences annotated with a *. (n = 3)

117



5.2.3 Energy Dispersive X-ray (EDX)

All three surfaces had very similar atomic weight of their elemental makeup when
determined using EDX, typically between 78 - 80 % carbon, 12 — 14 % chlorine and 7 - 8 %
oxygen. After treatment with the CFs, all the surfaces had a change in these values,
averaging 68 — 75 % Carbon, 12 — 22 % Chlorine and 8 — 12 % Oxygen, with variation

between the different CF types.
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Figure 5.3 Determination of elements present according to atomic weight as determined by EDX
on the a) rough, b) smooth and c) flat surfaces. Surfaces had CFs applied for 1 h or 24 h with S.

epidermidis (Se), Ser. marcescens (Sm), human plasma or bacteria and human plasma. (n = 3)
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5.2.4 Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)
The surfaces were analysed using ATR-FTIR after applying a CF to determine changes in the

surface chemistry.

5.2.4.1 ATR-FTIR of S. epidermidis Conditioning Films

The addition of a S. epidermidis CF (Figure 4.4.1) demonstrated no significant differences
between the 1 h and 24 h timepoint but did cause some changes to the spectra. Changes
were observed in the C-H stretching region (centred at ca 2900 cm™), with the smooth
surface demonstrating a reduced absorption whilst the rough and flat surfaces
demonstrated no significant changes. Changes were also observed from the ester carbonyl
stretching caused by the surface plasticiser (ca 1740 cm™t), where the opposite trend was
observed with both the rough and smooth surfaces demonstrating increased absorbance
and the flat surface demonstrating a reduced absorbance. The C-O bending of the
plasticiser ester (1170 cm™) demonstrated no changes in the rough surface, an increase
for the smooth surface and a reduction for the flat surface. As for the C-CL stretching
vibration of the PVC itself (ca 690 cm™), the rough surface demonstrated no changes but
both the smooth and flat surfaces demonstrated an increased absorbance. The two peaks
that represent the antisymmetric vasCOO" stretching vibration of carboxylate groups in
unidendate (1577-1575 cm™) and bidendate (1544-1540 cm™) coordination with calcium
(Génen et al., 2010) or carboxylate carbonyl zinc stearate absorption (ca 1540 cm™)
(National Institute of Standards and Technology (NIST) Web Book) both demonstrated
changes. A reduced absorption on the smooth surface where they were both present, a
reduction on the rough surface at 1540 cm™ (which was the only one present) and an
increased absorbance on the flat surface at 1540 cm™, which originally demonstrated
neither peak.
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Figure 5.4.1 ATR-FTIR of S. epidermidis conditioning films, a) 1h and b) 24 h, after subtraction of

non-conditioned control surfaces. (n = 3)
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5.2.4.2 ATR-FTIR of Ser. marcescens Conditioning Films

When a Ser. marcescens CF was applied (Figure 5.4.2) the 1 h spectra demonstrated similar
differences to those observed with an S. epidermidis CF with minor differences such as not
demonstrating an increased absorbance at 1540 cm™ for the calcium / zinc stearate. After
24 h the CF demonstrated significant changes in the spectra. The overall absorbance was
decreased across the whole spectra for all three surfaces. A reduction in the C-H stretching
region (centred at ca 2900 cm™) was observed with both the rough and smooth, whilst the
flat surface demonstrated no significant changes. Both the rough and flat surfaces
demonstrated reduced absorbance in the ester carbonyl stretching caused by the surface
plasticiser (ca 1740 cm™), whilst the smooth surface demonstrated an increase. Whilst the
plasticiser ester C-O bending (1170 cm™) was reduced in all three surfaces it was most
apparent in the rough and flat surfaces. Finally, both the smooth and flat surfaces
demonstrated a greater reduction in the absorbance for the C-CL stretching vibration of
the PVC itself (ca 690 cm™) than the rough surface, which may have been due to the

patterning on the rough surface.

122



0.20

0.15

Absorbance
(=]
=
(=]

0.05

0.00

b)

0.20

0.15

Absorbance
(=]
=
(=]

0.05

0.00

Flat

Smooth

Rough

r" o -Tv
3,600.00 3,100.00 2,600.00 2,100.00 1,600.00 1,100.00 600.00
Wavenumber (cm™)
Rough Smooth Flat

3,600.00

3,100.00 2,600.00 2,100.00 1,600.00 1,100.00 600.00

Wavenumber (cm™)

Figure 5.4.2 ATR-FTIR of Ser. marcescens conditioning films, a) 1h and b) 24 h, after subtraction of

non-conditioned control surfaces. (n = 3)
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5.2.4.3 ATR-FTIR of Human Plasma Conditioning Films

When a human plasma CF was applied (Figure 5.4.3) no significant differences were
observed between the 1 h and 24 h spectra. A peak at ca 3266 cm™* was observed only on
the rough surface, representing the O-H stretching present in water. The rough surface
also demonstrated a peak at ca 1635 cm™, demonstrating an increased absorbance of the
H-O-H scissor-bending bond in water (Mojet et al., 2010). All three surfaces demonstrated
reductions in the absorbance of the C-H stretching region (ca 2900 cm?), but only the
smooth surface demonstrated a significant reduction. Both the rough and flat surfaces
demonstrated a significant reduction in absorbance at the ester carbonyl stretching region
of the plasticiser (1740 cm™) whilst the smooth surface demonstrated a slight increase. A
reduced absorption on the smooth surface of two peaks that represent the antisymmetric
vasCOO" stretching vibration of carboxylate groups in unidendate (1577-1575 cm™) and
bidendate (1544-1540 cm™) coordination with calcium (Génen et al., 2010) or carboxylate
carbonyl zinc stearate absorption (ca 1540 cm™) was observed. However, a significant
increase on the rough surface at 1540 cm™ and no changes in the flat surface were also
observed. The plasticiser ester C-O bending (1170 cm™) demonstrated reduced absorption
on the rough and flat surfaces but no significant changes on the smooth surface. Finally,
all the surfaces demonstrated an increase in the absorbance for the C-CL stretching
vibration of the PVCitself (ca 690 cm?), indicating that the FTIR was able to detect the PVC

vibrations more with a CF.
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Figure 5.4.3 ATR-FTIR of human plasma conditioning films, a) 1h and b) 24 h, after subtraction of

non-conditioned control surfaces. (n = 3)
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5.2.4.4 ATR-FTIR of Human Plasma and S. epidermidis Conditioning Films

When a human plasma and S. epidermidis CF was applied (Figure 5.4.4), the 1h spectra
demonstrated the same differences as the human plasma CF alone for the smooth and flat
surfaces, and whilst the spectra for the rough surface demonstrated the same peaks the
absorbances were different. After 24 h, the smooth and flat surfaces still demonstrated a
similar spectrum to that obtained with human plasma alone. However, the rough surface
demonstrated further significant reduction in the absorbances obtained with some of the
peaks no longer as discernible. This applied to the two peaks associated with water on the
surface, the O-H stretching (range of 3000 —4000 cm™) and the H-O-H scissor-stretch (1635
cm) (Mojet et al., 2010). The main components of the surface that still demonstrated a
reduction in absorbance were the ester carbonyl stretching region of the plasticiser (1740
cmt) and the plasticiser ester C-O bending (1170 cm™). A further reduction was observed
for the antisymmetric vasCOO™ stretching vibration of carboxylate groups in bidendate
(1544-1540 cm™) coordination with calcium (Génen et al., 2010) or carboxylate carbonyl

zinc stearate absorption (ca 1540 cm™).
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Figure 5.4.4 ATR-FTIR of S. epidermidis and human plasma conditioning films, a) 1h and b) 24 h,
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5.2.4.5 ATR-FTIR of Human Plasma and Ser. marcescens Conditioning Films

The CF formed by the combination of human plasma with Ser. marcescens (Figure 5.4.5)
demonstrated the same spectrum as just a human plasma CF after 1 h. However, after 24
h the spectrum was significantly different, with all surfaces demonstrated peaks associated
with water on the surface, the O-H stretching (range of 3000 — 4000 cm™) and the H-O-H
scissor-stretch (1635 cm™) (Mojet et al., 2010), with the flat surface demonstrating the
greatest increase. Both the rough and flat surfaces demonstrated a reduction in the
absorption for the ester carbonyl stretching region of the plasticiser (1740 cm™) and the
plasticiser ester C-O bending (1170 cm™) whilst the smooth surface demonstrated no
change. Finally, all the surfaces demonstrated an increase in the absorbance for the C-CL

stretching vibration of the PVC itself (ca 690 cm™2).
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5.2.5 Raman Spectroscopy

The surfaces were analysed using Raman spectroscopy after applying a CF to determine
changes in the surface chemistry. Only one of the conditioning films demonstrated a
change in the spectra obtained when compared to the control surfaces, which was when
Ser. marcescens combined with human plasma was conditioned onto the flat surface for
both 1 h or 24 h (Fig. 5.5.5a/b). This CF appeared to mask the two peaks at 635 cm™ and
695 cm* representing the C-Cl stretching vibration bonds of the PVC, whilst the intensity
of the stretching vibrations of the C-H bonds present in the PVC at 2916 cm™ was
significantly reduced with a 24 h CF, which further indicated the CF was masking the PVC

surface (Solodovnichenko et al., 2016).
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Figure 5.5.1 Raman spectroscopy of surfaces after conditioning with S. epidermidis for a) 1 h or b)

24 h. (n=3)
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Figure 5.5.2 Raman spectroscopy of surfaces after conditioning with Ser. marcescens for a) 1 h or

b) 24 h. (n =3)
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Figure 5.5.3 Raman spectroscopy of surfaces after conditioning with human blood plasma for a) 1

horb)24h.(n=3)
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Figure 5.5.4 Raman spectroscopy of surfaces after conditioning with human blood plasma and S.

epidermidis for a) 1 h or b) 24 h. (n =3)
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Figure 5.5.5 Raman spectroscopy of surfaces after conditioning with human blood plasma and Ser.

marcescens fora) 1 horb) 24 h. (n=3)
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5.2.6 Physicochemistry
Goniometry was carried out using water, ethylene glycol and diiodomethane to determine

the physicochemical characteristics of the surfaces after application of a CF.

5.2.6.1 Physicochemistry of the Rough Surface

Physicochemical properties of the rough surface (Table 5.7.1) after the application of a CF
to the surface caused no significant changes in any of the physicochemical parameters of
alhor24hsS. epidermidis CF. Only a trend of a reduction in Gibbs Free energy (AG) after
24 h (-62.3 mJ/m?) was observed, whilst the application of a Ser. marcescens CF
demonstrated the opposite trend, with an increase in Gibbs free energy for both 1 h and
24 h (-41.1 mJ/m? and -40.5 mJ/m? respectively). The Ser. marcescens CF also
demonstrated another trend, with an increase in base energy (ys-) for after 1 h or 24 h was
also determined, but no significant changes were determined.

The application of a human plasma CF had a greater effect on the surface physicochemistry
after 1 h or 24 h, with both the Gibbs Free energy and the base energy demonstrating
significant changes. The Gibbs Free energy increased from -53 mJ/m? for the control
surface to -28.5 mJ/m? after 1 h and -6 mJ/m? after 24 h whilst the base energy increased
from 7.3 mJ/m? for the control surface to 16.8 mJ/m? after 1 h and 27.2 mJ/m? after 24 h.
When a CF was applied combining the bacteria with human plasma, the combination of
human plasma with S. epidermidis caused a significant increase in the Gibbs Free energy,
from -53 mJ/m? to -31.3 mJ/m? after 24 h, whilst a significant increase in the basic energy
was observed after 24 h, from 7.3 mJ/m?to 14.9 mJ/m?. However, when Ser. marcescens
and human plasma combined demonstrated a significant increase after 1 h, with the Gibbs
Free energy increasing to -21.5 mJ/m? and the basic energy increasing to 21.5 mJ/m?2.
However, after 24 h no significant changes were apparent.
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Table 5.7.1 Physicochemistry of the rough surface after applying 1 h or 24 h conditioning films of
the bacteria alone, human plasma alone or a combination of bacteria and human plasma. Se

denotes the bacteria Staphylococcus epidermidis and Sm denotes Serratia marcescens. (n = 5)

A G Vs VsL W ysA B V5+ ys'
mJ/m? mJ/m? mJ/m? mJ/m? mJ/m? mJ/m?
53.0+

Rough o 524+12 489+01 35+11  04+02  73+15
56.2+
Rough 1h Se o 462+05 456+04 07+02  00+00 74+18
623+
Rough 24h Se 0 458+07 449+06 09+02 00+00 52+05
414+
Rough 1h Sm 2s 458+11 448+06 1.1+05 00+00 11.4+1.2
405 +
Rough 24h Sm o 473+0.7 450+07 23+04  01+00 11.6+2.3
- +
Rough 1h 285 504141 460411 67+37  1.0+07  16.8%3.5
Plasma 7.1
Rough 24h 6.0+6.1 520440 434+23 86+32  10+05 27.2+3.4
Plasma
- +
Rough 1h 433+ 457103 440406 17:04 02:01 11035
Plasma + Se 9.6
- +
Rough 24h 31.3% 61411 446409 15405 01400 14.9%0.8
Plasma + Se 2.2
- +
Rough 1h 2L.5% 24111 454+08 30+14 01401 21.5%5.0
Plasma + Sm 9.2
- +
Rough 24h 431 c3:08 432£09 21405 02401 101+19
Plasma + Sm 5.0
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5.2.6.2 Physicochemistry of the Smooth Surface

When the CF’s were applied to the smooth surface (Table 5.7.2), the application of a S.
epidermidis CF demonstrated a trend in Gibbs Free energy reduction after 1h (-58.5 mJ/m?)
and a further reduction after 24 h (-67.1 mJ/m?) but this was not significant. No other
bacteria in water CF demonstrated any trends and no significant changes were observed.
The application of a human plasma CF to the smooth surface significantly increased the
Gibbs Free energy. After 1 h the Gibbs Free energy increased to -7.5 mJ/m? and after 24 h
it increased to 9.5 mJ/m?2. Further, the acid-base energy increased to 13.9 mJ/m? after 1 h
and 11.4 mJ/m? after 24 h, due to the significant increases in the base energy component
which increased from 7.5 mJ/m? to 37.9 mJ/m? after 1 h and 50 mJ/m? after 24 h.

When the smooth surface was conditioned with human plasma and either S. epidermidis
or Ser. marcescens both organisms demonstrated a reduction in Gibbs Free energy after 1
h, from -50.1 mJ/m? to -68.2 mJ/m? for S. epidermidis and -57.9 mJ/m? for Ser. marcescens.
However, after 24 h the Gibbs Free energy values were similar to human plasma alone,
with 7.6 mJ/m? for human plasma with S. epidermidis and 4.8 mJ/m? for human plasma
with Ser. marcescens. However, both organisms demonstrated significantly different
values for the other physicochemical properties after 24 h. The combined human plasma
and Ser. marcescens’ CF demonstrated an increase in acid-base energies at 9.2 mJ/m? due
to the significant increase in base energy (34.7 mJ/m?). However, human plasma and S.
epidermidis combined 24 h CF demonstrated a significantly reduced the total free energy,
Lifschitz van der Waals forces and the base energies (1.2 mJ/m?, 1.7 mJ/m? and 0.9 mJ/m?

respectively) when compared to the controls (49.6 mJ/m?, 45.7 mJ/m? and 7.5 mJ/m3).
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Table 5.7.2 Physicochemistry of the smooth surface after applying 1 h or 24 h conditioning films of
the bacteria alone, human plasma alone or a combination of bacteria and human plasma. Se

denotes the bacteria Staphylococcus epidermidis and Sm denotes Serratia marcescens. (n = 5)

AG Vs VsLW VsAB V5+ Vs'
mJ/m? mJ/m? mJ/m? mJ/m? mJ/m? mJ/m?
Smooth 501+6.1 49.6+12 457402 40+11 05+02  7.5%15
zrenomh I g5:43 49213 458:08 33406 0.6+01 50+08
zrenomh 280 iS4 469+14 448+08 20+07 03+01 36408
zzooth I 537425 501409 460£03 41406 0702  58+0.5
zzooth 24h 13466 507£19 461409 46+12 08+02  7.0%20
+
smoothlh .o, ,13 578470 440:03 13.9:67 13+07 37.9%
Plasma 16.2
m h 24h 0t
Smoot 9.5+30.7 507437 393+06 11.4%+40 08+0.2 >0.0
Plasma 19.4
Smooth1h 034 456405 441+07 15404 02401  3.3+04
Plasma + Se
h 24h
Smoot 7.6+43 12+05 17+06 09+02 01+00 0.9%0.6
Plasma + Se
Smooth 1h

-579+5.2 47.2+1.3 445+0.4 27109 0.5+0.2 54+1.1
Plasma + Sm

Smooth 24h

4.8+5.6 51.4+54 42.2+1.3 9.2+4.3 0.8+0.5 34.7 £5.8
Plasma + Sm
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5.2.6.3 Physicochemistry of the Flat Surface

After applying CFs to the flat surface (Table 5.7.3), the S. epidermidis CF significantly
reduced the Gibbs Free energy from -40.2 mJ/m? to -64.6 mJ/m? after 1 h and to -75.6
mJ/m? after 24 h. When Ser. marcescens was conditioned onto the flat surface, a significant
reduction was determined in the Gibbs Free energy after 1 h (from -40.2 mJ/m? to -59.1
mJ/m?) but this increased after 24 h (-48.8 mJ/m?).

A human plasma CF on the flat surface caused am increase in the Gibbs Free energy, with
a1 hincubation increasing it to 22 mJ/m? and a 24 h incubation increasing it to -5.5 mJ/m?2.
Whilst small changes in values were observed, the only other significant change was the
increase in base energy from 9.7 mJ/m? to 22.7 mJ/m? after 1h and then 29.3 mJ/m? after
24 h.

The combination of human plasma and S. epidermidis to create a CF caused the Gibbs Free
energy to reduce from -40.2 mJ/m? to -60.5 mJ/m? after 1 h and -58.6 mJ/m? after 24 h. A
slight reduction in the total free energy was observed after one hour (46.8 mJ/m?) but was
not significant until 24 h where the total free energy was reduced from 53.3 mJ/m? to 38.3
mJ/m?. However, when a human plasma and Ser. marcescens CF was applied the Gibbs
Free energy was initially reduced to -63.2 mJ/m? after 1 h but significantly increased to 6.9
mJ/m? after 24 h. The total free energy for Ser. marcescens followed the same trend as S.
epidermidis, where an initial slight reduction was observed after 1 h (45.5 mJ/m?) but then
a further reduction to 38.7 mJ/m? was observed after 24 h. Finally, the basic energy did
not have a significant change after 1 h, but after 24 h was significantly increased from 9.7

mJ/m?to 32.2 mJ/m?2.
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Table 5.7.3 Physicochemistry of the flat surface after applying 1 h or 24 h conditioning films of the

bacteria alone, human plasma alone or a combination of bacteria and human plasma. Se denotes

the bacteria Staphylococcus epidermidis and Sm denotes Serratia marcescens. (n = 5)

AG Vs ysLW VsAB Vs+ Vs-

mJ/m? mJ/m? mJ/m? mJ/m? mJ/m? mJ/m?
Flat 402461 533+12 452401 81+11 18%02 97+15
Flat 1h Se 64.6£6.2 439+06 426401 14+06 01+01 44410
Flat 24h Se 75.6+35 445+02 440404 05+02 00+00 2.6+05
Flat 1h Sm 591425 46.6+0.7 442+02 23+06 03+01 5004
Flat 24h Sm 488472 493+16 457406 3.6+12 04+01 8725
Flat 1h Plasma  -22.0£19.4 474439 406+14 68432 07405 22.7+10.9
Flat 24h Plasma  -5.5£19.2 46.0+53 40.4+35 57425 05403 29.3+10.1
Elgzlh Plasma  (0ss61 468:12 445406 23+8 0301 52£15
i':LMh Plasma (06433 383402 369402 13:03 0201 4711
i'gtnlh Plasma (32431 455:04 442%04 13:02 01:00 4608
Flat2ahPlasma 9179 387411 368409 19:09 00£00 32240

+Sm
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5.2.7 Microbial Adhesion to Hydrocarbons (MATH) Assay

The effect of a human plasma conditioning film on Ser. marcescens (Figure 5.7b) lowered
the polar energy of the cells. Both the acid (chloroform) and basic (ethyl acetate)
hydrocarbons demonstrated a reduction in the percent adherence after exposing the cells
to the conditioning film (from 42.2% to 21.9 % for chloroform and from 48.3 % to 33.9%
for ethyl acetate), demonstrating that the ability for the cell to donate and accept electrons
had been reduced, but was still within the moderate adhesion range (between 10 % and
55 %). The highly hydrophilic properties of Ser. marcescens did not change, with both non-
polar hydrocarbons (decane and hexadecane) demonstrating almost no adherence (0.29
% and 0.58 % respectively).

S. epidermidis (Figure 5.7a) demonstrated a reduced adherence to both non-polar (decane
and hexadecane) hydrocarbons and the polar hydrocarbon chloroform (reductions from
98.2 %, 95.8 % and 98.4 % to 90.8 %, 89.2 % and 93.8 % for decane, hexadecane and
chloroform respectively), but the reductions were a trend and were not significant. As this
was still classed as high adhesion (> 55 %), whilst the cells may be slightly less hydrophobic
the changes were unlikely to affect the hydrophobicity or the electron donating properties.
However, a significant increase in the adherence of S. epidermidis to the basic
hydrocarbons ethyl acetate (30.67 % without and 59.74 % with the conditioning film)
signified that the cells ability to accept electrons had increased significantly, especially as
the cells were classed as moderately adhered without the CF (between 10 % and 55 %) but

strongly adhered with the CF (> 55 %).
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Figure 5.7 MATH assay of a) S. epidermidis and b) Ser. marcescens with and without the presence

of a human plasma conditioning film. Most significant differences annotated with a *. (n = 3)
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5.3 Discussion

5.3.1 Scanning Electron Microscopy

When the conditioning films were imaged under SEM the bacteria alone did not appear to
have any difference between the 1 h and 24 h timepoints, likely due to a lack of nutrients
available for proliferation. However, it was apparent that when S. epidermidis was applied
to the rough surface, especially after 24 h (Figure 5.1.1b), it preferentially adhered within
the pits present. The human plasma conditioning film appeared to have a visible increase
on the rough surface from 1 h to 24 h (Figure 5.1.3a/b), which is likely caused by a
continuous building up of molecules being adsorbed onto the surface and onto other
molecules already adsorbed (Lorite et al., 2011). This was only apparent on the rough
surface, as both the smooth and flat did not appear to demonstrate any significant
differences between the timepoints, with the effect appearing on the rough surface due
to the pits making it harder to wash away the excess CF. The most significant change
observable for any of the CFs was the significant increase in cells observable on any of
surfaces after a 24 h human plasma and Ser. marcescens CF was applied (Figure 5.1.5). This
demonstrated that the Ser. marcescens proliferated during the 24 h incubation period
using nutrients present in the human plasma, as this same effect was not observed when
Ser. marcescens was incubated without the addition of human plasma. It also
demonstrated that S. epidermidis either was not capable of using the nutrients as
efficiently as Ser. marcescens or that something within the human plasma was reducing S.
epidermidis’ proliferation, some studies have demonstrated that bacteria can be sensitive
to plasma serum, as whilst it appeared that an increase in cells occurred when human
plasma and S. epidermidis were combined (Figure 5.1.4) this was significantly less than

human plasma and Ser. marcescens combined (Ramirez-Arcos et al., 2007).
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5.3.2 Optical Surface Profiling

On the roughest surface, the changes observed with the rough surface were the most
noticeable and significant. The CF that had the greatest effect on the surface roughness
were the human plasma CF’s, with both 1 h and 24 h conditioning films significantly
reducing the roughness values (5.2a). The reduction in roughness was likely to be caused
by molecules in the human plasma adsorbing onto the surface and possibly filling in the
pits that were present, which appeared to be the case when imaged under SEM (Figure
5.1.3). Further, it has previously been demonstrated that the addition of a conditioning
film has drastically reduced surface roughness of glass (Lorite et al., 2011). On the smooth
surface human plasma had no significant difference after 1 h, but after 24 h a reduction in
surface roughness was also observed. Whilst the smooth surface did not have the pits that
were present on the rough surface, it still had a greater surface roughness than the
flattened surface which could have been smoothed out by the adsorption of molecules.
Finally, on the flat surface a slight increase in roughness was observed after 1 h but then
no difference was observed after 24 h. This could potentially be due to an uneven
adsorption of molecules onto the surface after 1 h, causing more irregularity in the surface
features, but was smoothed out as more molecules were adsorbed onto the surface.
When conditioned alone S. epidermidis 1 h or 24 h and Ser. marcescens 24 h demonstrated
a reduction in surface roughness, whilst Ser. marcescens 1 h demonstrated no change. The
greater reduction caused by S. epidermidis was possibly due to the shape of the cell, as S.
epidermidis is a cocci and smaller than Ser. marcescens, it was possible that it was more
likely to reside within smaller pits on the surface that Ser. marcescens is unable to fully
reside within without protruding, which is also what may have caused the increase in

roughness after 24 h. Unlike the rough surface, when conditioned onto the smooth surface
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no significant changes were determined for CFs formed by bacteria alone. Similarly, the
flat surface demonstrated no significant changes. For both surfaces, the lack of any
significant change was likely due to the surface already being relatively smooth with no
large surface features present like the rough surface.

When human plasma and bacteria were conditioned onto the rough surface a reduction in
roughness was observed for all the CF’s. Whilst the roughness for the human plasma and
S. epidermidis CF’'s demonstrated no significant differences between the 1 h and 24 h CF,
Ser. marcescens demonstrated a further reduction from 1 h to 24 h. The changes may be
due to the strain of S. epidermidis used demonstrating little growth in the human plasma
whilst the strain of Ser. marcescens demonstrated plenty of growth. Further, bacteria
typically preferentially adhere within gaps or pits on a surface due to protection from
unfavourable environmental factors and increase in surface area contact (Mitik-Dineva et
al., 2008; Lorenzetti et al., 2015). As such, the growth of Ser. marcescens may have caused
some pits to be filled in by a combination of bacterial cells, human plasma and products

produced by the bacteria, such as extracellular polymeric substances (EPS).

5.3.3 Energy Dispersive X-ray

Whilst some small changes were detected via EDX analysis following the application of the
CFs, they were not significant. This demonstrated that whilst other methods of analysis
determined changes in the surface properties, the elemental makeup of the surfaces were
not significantly altered. Overall the small changes appeared to be a reduction in the
detection of carbon and subsequent increases in the oxygen and chlorine detected.

5.3.4 Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy

The analysis of the surface chemistry via ATR-FTIR demonstrated that the addition of a CF

altered a number of spectra, however most of the changes were consistent across the
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different CFs applied. Most of the surfaces demonstrated increases in the C-CL stretching
region, with only human plasma alone demonstrating a reduction in this absorption. As
the absorption for the PVC was already reduced, due to the high levels of plasticiser
dominating the spectrum, the changes were potentially due to the CFs interacting with the
plasticiser which reduced the domination of it across the spectrum. This would be
supported by both the ester carbonyl stretching region of the plasticiser and the plasticiser
ester C-O bending region demonstrating a reduced absorption across almost all the
surfaces. The application of a CF also appeared to mask the presence of the antisymmetric
vasCOO stretching vibration of carboxylate groups in unidendate and bidente calcium or

carboxylate zinc stearates for all surfaces where it was detected on the control surface.

5.3.5 Raman Spectroscopy

All of the Raman spectra demonstrated no significant differences compared to the control
spectra, except human plasma combined with Ser. marcescens spectra demonstrating a
difference on the flat surface. The difference is likely to due to Ser. marcescens being able
to proliferate significantly within the human plasma whilst S. epidermidis appeared to
demonstrate a very low rate of proliferation.

5.3.6 Physicochemistry

One of the biggest changes demonstrated due to the surfaces being fouled in the presence
of CFs was how the CFs influenced the physicochemical characteristics. The changes not
only differed depending on what CF was applied to a surface but also upon the surface the
CF was applied to. However, whilst all the properties demonstrated changes, the most
significant changes in physicochemistry occurred to the Gibbs Free energy and the basic

energy.
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The physicochemical force that demonstrated the greatest change was the Gibbs Free
energy, which can be used to determine surface hydrophobicity. Whilst most of the
surfaces demonstrated a negative Gibbs Free energy value, indicative of a hydrophobic
surface, many demonstrated increases in this value, but only when human plasma was
used in the CF, and some CFs demonstrated increases great enough to become positive
values. This indicated that whilst many of the surfaces remained hydrophobic, the intensity
of the hydrophobicity was potentially reduced. Some of the surfaces demonstrating
positive Gibbs Free energy values indicated that they had become hydrophilic, even if only
weakly. Most of the surfaces that changed to display hydrophilic properties were on the
smooth surface and all involved human plasma, with or without bacteria, that had been
conditioned on the surface for 24 h with the only other hydrophilic surface being the flat
surface with human plasma and Ser. marcescens after 24 h.

The changes determined in the basic energy were likely also due to the effects of
macromolecules adsorbed from the human plasma, as the significant changes in values
obtained all had human plasma conditioned onto them. An increase in basic energy
indicated an increase in the negative charge of the energy present within a surface. This
change was significant as all of the physicochemical factors can influence the attachment
and adhesion of bacteria. Further, bacteria in solution are typically negatively charged and
an increase in surface negative charge may create a repulsion effect which could reduce
attachment, however, surface charge on bacterial attachment has not been clearly defined
(Katsikogianni and Missirlis, 2004).

These changes in the Gibbs Free energy and basic-energy demonstrated how an initial
conditioning film can significantly differ from a conditioning film that has been allowed to

develop over a longer period, increasing the amount or types of macromolecules adsorbed
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and how well they are adsorbed. The longer incubation time increased the amount of
adsorbed macromolecules whilst increasing their adherence to the surfaces, which caused
a greater effect on the surface physicochemistry. The increase in adsorbed
macromolecules over time and the effects of physicochemical changes of a surface has

previously been demonstrated by Lorite et al. (2011).

5.3.7 Microbial Adhesion to Hydrocarbons (MATH) Assays

When MATH assays were performed using a human plasma CF, most of the levels of
adherence to any of the hydrocarbons for either S. epidermidis or Ser. marcescens was
reduced with the exception of S. epidermidis to ethyl acetate. The varying reduction
indicated that properties of the human plasma were interfering with the adherence of the
bacteria to the hydrocarbons. In one study, it was found that platelet bags preconditioned
with human plasma demonstrated a significant increase in bacterial adhesion by S.
epidermidis (Loza-Correa et al., 2017). This signified that bacteria may be influence by the
presence of plasma factors in their adherence capabilities. Further, the only increase
observed in the MATH assays of S. epidermidis to ethyl acetate may have been facilitated
by the use of plasma factors to increase adherence in this instance. This indicated that the
plasma factors could increase or decrease different aspects of bacterial adherence, or the
plasma factors were binding to bacterial receptors and altering how they interact with
their environment. This has previously been demonstrated by Schuster et al. (2014) using
Staphylococcus aureus with bovine serum albumin, y-globulins and plasma serum and
changes in S. aureus’ adhesion after removal of its 1gG binding protein. As such, it is likely
that the changes observed in the MATH assays was due to the binding of blood plasma

molecules with the bacteria.
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5.4 Conclusion

Conditioning films can affect surface properties in a variety of ways dependent upon the
original surface properties and the properties of the conditioning film applied. It was
apparent that when applied to a rougher surface CFs are capable of reducing surface
roughness potentially by greater adsorption within surface features. It was also apparent
that the adsorption of a CF was capable of masking certain surface chemistry features, as
was determined via FTIR. CFs were also capable of altering the physicochemical properties
by increasing the hydrophilic property, especially human plasma due to the large variety
of plasma factors present. The human plasma was finally also able to reduce overall
adhesion of the bacteria to most of the hydrocarbons, indicating that the plasma factors
can play a role in altering physicochemical interactions and affect bacterial adherence.
Overall, it was apparent that it was important to take into account that the platelet bags
will become conditioned with human plasma factors that could significantly alter the way

a contaminant interacting with the platelet bag surfaces.
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6.0 Bacterial and Biofilm Interactions with Platelets

6.1 Introduction

It has already been established that bacteria, and their products, are capable of interacting
with platelets (Arman et al., 2014). Bacterial interactions with platelets are thought to
contribute to diseases including infective endocarditis, disseminated intravascular
coagulation, immune thrombocytopenia purpura and myocardial infarction or stroke
(Fitzgerald et al., 2006). Further, therapeutic platelets are often transfused into patients
with weak immune systems whose own platelets may not be fully functioning. Therefore,
platelet viability, activation and function within the transfusion unit are vital, and any
changes in these caused by bacteria could be detrimental to a transfusion recipient
(Fitzgerald et al., 2006).

Platelet activation and aggregation enable platelets to aggregate and form clots,
potentially stopping patients from bleeding out, with more recent studies indicating that
platelets play a role in intercellular communication (Edelstein, 2017). At a basic level,
platelet activation by an agonist results in calcium signalling, a cascade of phosphorylation
events and expression of specific surface proteins which aid in further activation of
neighbouring resting platelets and also end-point aggregation (Vinik et al., 2001). Surface
activation markers such as CD62P and activated GP llb/llla (measured by PAC1 binding)
can be detected by flow cytometry, while end point aggregation can be assessed by light-
transmission aggregometry (LTA) (Lu and Malinauskas, 2010). Platelet surface P-selectin
(CD62P) translocates to the platelet surface upon platelet activation, but in resting
platelets is expressed on a-granules internally (Lu and Malinauskas, 2010; Wasiluk et al.,

2013). PAC1 monoclonal antibody only binds to GP lib/llla complexes on the platelet
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surface after the GP lIb/Illa complexes have undergone conformational changes due to
platelet activation (Shattil et al., 1985; Lim et al., 2008; Lu and Malinauskas, 2010).

The phosphorylation status of signalling proteins can be examined by western blotting.
Some important proteins that are affected by phosphorylation include Vasodilator-
stimulated Phosphoprotein (VASP), Akt (protein kinase-B) and Phospholipase C-B (PLC-B)
(Sangkuhl et al., 2011; Li et al., 2015). VASP is phosphorylated by both the cAMP- and
cGMP-dependent protein kinases in resting platelets, but upon activation by an agonist
becomes rapidly dephosphorylated and helps in the control of activated platelets (Benz et
al., 2016). In contrast Akt and PLC-B exist in a non-phosphorylated form in resting platelets
but rapidly become phosphorylated in response to the correct stimulation. AKT
phosphorylation has multiple functions including platelet granule secretion, integrin
activation and platelet activation mediation, whilst PLC-B is involved in signalling calcium
release within platelets (Lian et al., 2005a; Guidetti et al., 2015). Consensus was that
specific agonists induced phosphorylation of a distinct set of signalling proteins, with
activation of the Protease-Activated Receptor 1 (PAR-1) or PAR-4 by thrombin causing
phosphorylation of PLC-B and IP3 (Fig 6.1) (Li et al., 2015). Although this model is still
considered accurate in many respects, there is evidence to suggest that the signalling
pathways are more ‘fluid’” and activation of multiple pathways via a single agonist is
expected (Lian et al., 2005a; Sangkuhl et al., 2011; Li et al., 2015).

In addition to their major role in haemostasis, platelets play critical roles in immunological
responses, releasing a vast array of cytokines and chemokines in order to direct a host-
pathogen response (Cognasse et al., 2007; Mussano et al., 2016). These cytokines and
chemokines are responsible for the activation, and also the migration of many different

leukocyte populations, most notably neutrophils and monocytes (Von Hundelshausen et
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al., 2001; von Hundelshausen et al., 2005). Cytometric Bead Array (CBA), an adaptation of
traditionally flow cytometry can be used to identify these cytokines/chemokines
(specifically RANTES) in the platelet releasate as a direct measure of platelet activation.
RANTES is a significant releasate as it is involved in platelet activation inhibition and
monocyte recruitment, but can also be a marker for infection severity (Von Hundelshausen
et al., 2001; Shenkman et al., 2004; von Hundelshausen et al., 2005; Stojewska et al., 2016).
The aim of this part of the work was to determine whether the presence of planktonic or
biofilm forms of S. epidermidis or Ser. marcescens affect the activation status, aggregation
potential or immunological potential of healthy platelets, by examining changes in
activation markers, signalling pathways and cytokine profiles of bacterially contaminated

platelet rich plasma.
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Figure 6.1 Main platelet signalling pathways involved with VASP, PLCPB and AKT proteins. Thrombin stimulates the PAR receptor which causes Gga to mainly
activate phospholipase B (PLCB) (and minor activation of Src family kinases (FFK) Lyn in the ADP pathway) which hydrolyses PIP, membrane into IPs triggering

an increase in cytosolic Ca?* levels. ADP stimulates the P2Y1, receptor and activates Gi which inhibits adenylate cyclase (AC) causing a reduction in cyclic AMP
(cAMP) formation leading to the dephosphorylation of VASP. Gi also interacts with SFK (Lyn) which causes Phosphatidylinositol 3-kinase (PI3K) to
phosphorylates AKT and also causes PI13K to interact with Protein Kinase C (PKC) to dephosphorylate VASP (Sangkuhl et al., 2011; Li et al., 2015).
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6.2 Results

6.2.1 Haemostatic Efficacy via Platelet Aggregation

Platelets were incubated with either planktonic bacteria or biofilms and tested using light
transmission aggregometry with a platlet agonist to determine bacterial effects on platelet
aggregation.

When platelets were incubated with planktonic bacteria and activated using ADP (Fig.
6.1.1) no significant changes with either a 1 h or 2 hiincubation were determined. However,
a trend was demonstrated showing a reduction in platelet aggregation when incubated
with S. epidermidis at 1 x 107 colony forming units / mL (CFU / mL) was observed. When
thrombin was used as an agonist (Fig. 6.1.2), a trend in the reduction in aggregation (15 -
24 % relative aggregation reduction) was observed with no significant differences between
the bacteria or bacterial concentration.

However, significant reductions in platelet aggregation were observed when platelets
were incubated with bacterial biofilms (Fig 6.1.3). S. epidermidis biofilms appeared to have
had a greater effect on platelet aggregation than biofilms formed by Ser. marcescens, with
most significant changes being from S. epidermidis biofilms grown on the rough and flat
(57.8 % and 44.9 % relative aggregation) surfaces after 5 days. After 7 days growth, the S.
epidermidis biofilms demonstrated no significant differences between the rough, smooth

or flat (53.9 %, 63.6 % and 57.5 % relative aggregation) surfaces.
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response to ADP (10uM), following incubation for a) 1 h or b) 2 h with planktonic bacteria. Data
presented as mean * SE after normalisation to the control (incubated in the absence of bacteria

but stimulated with ADP). (n = 3)
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Figure 6.1.2 Platelet aggregation as assessed LTA, in response to Thrombin (10 U), following
incubation for 2 h with planktonic bacteria. Data presented as mean + SE after normalisation to the

control (incubated in the absence of bacteria but stimulated with ADP). (n = 3)
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Figure 6.1.3 Platelet aggregation as assessed by LTA, in response to ADP (10uM), following
incubation for 2 h with a) 5-day biofilms and b) 7-day biofilms grown on the 3 different surfaces.
Data presented as mean  SE after normalisation to the control (incubated in the absence of

bacteria but stimulated with ADP). Most significant differences annotated with a *. (n = 3)
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6.2.2 Platelet Receptor Activation via Flow Cytometry

Platelets were incubated with either plantonic bacteria or biofilms, bound with a PE
conjugated CD62P antibody (Fig 6.2.1 - 6.2.3) or FITC conjugated PAC1 (Fig. 6.2.4 — 6.2.6)
and analysed via flow cytometry to determine changes in receptor binding.

No significant changes were determined following incubation of the platelets with either
planktonic cells or biofilms. Some trends were present, with planktonic bacteria slightly
reducing the amount of receptor expression, regardless of whether ADP or Thrombin was
used, for both CD62P and PAC1. However, when platelets were incubated with biofilms
data was inconsistanet, with some increase and some decrease in receptor expression but

no significant changes.
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Figure 6.2.1 CD62P expression as assessed by flow cytometry in response to using ADP (10uM),
following incubation for a) 1 h or b) 2 h with planktonic bacteria. Data presented as mean + SEM
after normalisation to the control (incubated in the absence of bacteria but stimulated with ADP).
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Figure 6.2.2 CD62P expression as assessed by flow cytometry, in response to Thrombin (10 U),
following incubation for 2 h with planktonic bacteria. Data presented as mean + SE after
normalisation to the control (incubated in the absence of bacteria but stimulated with ADP). (n =

3)
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Figure 6.2.3 CD62P expression as assessed by flow cytometry, in response to ADP (10uM),
following incubation for 2 h with a) 5-day biofilms and b) 7-day biofilms grown on the 3 different
surfaces. Data presented as mean * SE after normalisation to the control (incubated in the absence

of bacteria but stimulated with ADP). (n = 3)
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Figure 6.2.4 PAC1 expression as assessed by flow cytometry in response to using ADP (10uM),
following incubation for a) 1 h or b) 2 h with planktonic bacteria. Data presented as mean + SEM
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Figure 6.2.5 PAC1 expression as assessed by flow cytometry, in response to Thrombin (10 U),
following incubation for 2 h with planktonic bacteria. Data presented as mean + SE after
normalisation to the control (incubated in the absence of bacteria but stimulated with ADP). (n =

3)
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Figure 6.2.6 PAC1 expression as assessed by flow cytometry, in response to ADP (10uM), following
incubation for 2 h with a) 5-day biofilms and b) 7-day biofilms grown on the 3 different surfaces.
Data presented as mean  SE after normalisation to the control (incubated in the absence of

bacteria but stimulated with ADP). (n = 3)
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6.2.3 Western Blots

Proteins were collected from lysed platelets that had been incubated with both planktonic
bacteria and biofilms, then processed via western blot to determine changes in protein
expression of phosphorylated vasodilator-stimulated phosphoprotein (p.VASP), phosphor-
phospholipase Cisoform B (p-PLCB) and phosphorylated AKT (p.AKT). However, Akt had no
determinable amount of phosphorylation with the western blots and as such the data has
not been presented.

6.2.3.1 Phosphorylated VASP

The expression of p.VASP when platelets were incubated with planktonic bacteria (Fig.
6.2.3.1) demonstrated that Ser. marcescens had a greater effect on the expression of
p.VASP, with both starting concentrations demonstrating a 2-fold increase in p.VASP
expression. When the platelets were stimulated with ADP this increased more with a 4-
fold increase in p.VASP expression. Further, S. epidermidis also demonstrated an increase
in p.VASP when the platelets were stimulated with ADP but was significantly lower than
Ser. marcescens and also had large error bars. However, when the platelets were
stimulated with Thrombin, no p.VASP expression was determined for the controls or
platelets incubated with bacteria.

When platelets were incubated with biofilms the expression of p.VASP had a greater
variation than with planktonic bacteria causing the error bars to be significantly greater.
When platelets were incubated with a 5 day biofilm without stimulation (Fig. 6.2.3.2a) of
S. epidermidis on the flat surface the expression of p.VASP was significantly increased by
5.6 fold, demonstrating the greatest increase in p.VASP. S. epidermidis also demonstrated
an increase on the smooth surface (1.9 fold) and Ser. marcescens demonstrated an
increase on the flat surface (2.6 fold). However, when platelets incubated with 5 day
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biofilms were stimulated with ADP (Fig. 6.2.3.2b) only S. epidermidis on the smooth
surface demonstrated a significant increase (1.9 fold) but was the same as unstimulated.
The incubation of platelets with 7 day biofilms without stimulation (Fig. 6.2.3.3a)
demonstrated a significant increase in p.VASP expression with S. epidermidis biofilms
grown on the smooth surface (3.1 fold) and Ser. marcescens biofilms grown on the smooth
(3 fold) and flat surfaces (3.7 fold). When the platelets incubated with 7 day biofilms were
stimulated with ADP (Fig. 6.2.3.3b) both S. epidermidis and Ser. marcescens demonstrated
significant increases in p.VASP expression for biofilms grown on the flat surface (1.8 fold
and 2.5 fold respectively). However, none of the other biofilms demonstrated significant

increases.
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Figure 6.2.3.2 Western blot fold difference in phosphorylated VASP quantification for 5 day
biofilms with a) no ADP stimulation and b) with ADP stimulation with a protein band representation
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6.2.3.2 Phospho-PLCB3

Phospho-PLCB expression by platelets incubated with planktonic bacteria (Fig. 6.2.4.1)
demonstrated a trend of increasing expression with a lower starting inoculum when S.
epidermidis was used, with S. epidermidis at 10° CFU / mL with no stimulation (from 1 to
1.6 fold increase) and with Thrombin stimulation (from 2.2 to 2.9 fold increase)
demonstrating the greatest increases compared to their controls. When Ser. marcescens
was incubated with the platelets (Fig. 6.2.4.1b), increases and decreases in phospho-PLC[
were both determined with the lower starting inoculum (108 CFU / mL) again
demonstrating a greater effect, with a 40% reduction phospho-PLCB expression without
stimulation. However, with ADP stimulation had no significant effect and Thrombin
stimulation demonstrated a significant increase of 4.4 fold.

However, when platelets were incubated with 5 day biofilms without stimulation (Fig.
6.2.4.2a), whilst some variation in the expression of phospho-PLCB was observed, no
significant differences were determined. Further, whilst stimulation of the platelets with
ADP (Fig. 6.2.4.2b) had a trend that all the biofilms demonstrated a reduction in phospho-
PLCB expression, no significant differences were determined.

The incubation of platelets with 7 day biofilms demonstrated that when unstimulated (Fig.
6.2.4.3a) both S. epidermidis and Ser. marcescens biofilms on the smooth surface were
significantly increased (1.5 fold and 1.8 fold increases respectively) with no other
significant increases. Similar to the 5 day biofilms, when the platelets incubated with 7 day
biofilms were stimulated with ADP (Fig. 6.2.4.3b) a trend demonstrating a reduction in

phospho-PLCPB expression was determined but no significant differences were observed.
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Figure 6.2.4.3 Western blot fold difference in phospho-PLCB3 quantification for 7 day biofilms with
a) no ADP stimulation and b) with ADP stimulation with a protein band representation below each
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6.2.4 Immunological Activity via Cytometric Bead Array

Platelets were incubated with both planktonic bacteria or bacterial biofilms (5 day or 7
day) for 4 h and supernatants collected both before and after stimulation with ADP.
Release of RANTES, IL-6, IL-1B and TNF were determined, with only RANTES release
demonstrating significant concentrations. As concentrations of IL-6, IL-1B and TNF were
too low the data has not been presented.

6.2.4.1 RANTES Release

When platelets were incubated for 4 h with planktonic bacteria (Fig. 6.4.1a) RANTES
release was reduced for both S. epidermidis (4774 pg / mL) and Ser. marcescens (4323 pg
/ mL) compared to the control (6009 pg / mL). However, after stimulation with ADP (Fig.
6.4.1b) S. epidermidis (3846) demonstrated no significant difference whilst Ser.
marcescens (5368 pg / mL) demonstrated an increase when compared to the control (4079
pg / mL). When platelets were incubated with a 5 day biofilm (Fig. 6.4.1a) both S.
epidermidis and Ser. marcescens demonstrated a trend increase in RANTES release (6662
pg / mL and 6675 pg / mL respectively) compared to the control, but did not significantly
change after stimulated with ADP (Fig. 6.4.1b). The platelets incubated for 4 h with 7 day
biofilms (Fig. 6.4.1a) demonstrated a significant increase in RANTES release for both S.
epidermidis and Ser. marcescens biofilms (10945 pg / mL and 10013 pg / mL respectively),

and also did not display any significant changes after stimulation with ADP (Fig. 6.4.1b).
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Figure 6.4.1 RANTES release by platelets after incubation with planktonic bacteria, 5 day biofilms
or 7 day biofilms for 4 h a) without stimulation and b) with ADP stimulation. Most significant

differences annotated with a *. (n = 2)
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6.3 Discussion

Light transmission aggregometry is an important tool in understanding platelet function,
and in this work, allowed the effects of both planktonic cells and bacterial biofilms on the
haemostatic potential of the platlelets to be assessed. This allowed the modelling of
platelet behaviour in a bacterially contaminated transfusion unit. Platelets that were
incubated with biofilms demonstrated a significant reduction in aggregation, and this was
likely due to production of a by-product of the biofilms, such as a metabolite or toxin. The
presence of the planktonic bacteria had a minimal effect on aggregation as no significant
changes with planktonic bacteria were determined. The reduction in aggregation is
important as it indicates that a contaminated unit that has biofilm growth may no longer
have the therapeutic effect/haemostatic potential that is expected.

The testing of two platelet activation markers, PAC1 and CD62P, demonstrated no
significant changes in platelet activation in the presence of either planktonic cells or
biofilms. This indicated that the presence of bacteria in planktonic or biofilm form was not
inhibiting platelet activation. However, as the biofilm platelets did demonstrate a
significant reduction in aggregation it was apparent that whilst the platelets were
activating, the biofilm or a product of the biofilm was interferring with the aggregation
process. It could be that the biofilms were producing something that was interacting with
other platelet receptors that were not tested or the biofilms could be interacting with
chemokines released upon platelet activation that enable platelet aggregation.

VASP functions are controlled by the phosphorylation of three phosphorylation sites (Lin
et al., 2010). One of these sites include Ser-157, which generally serves as a signal for
membrane localisation (Doppler and Storz, 2013). In platelets, VASP plays a major role in
negatively regulating secretory and adhesive events with site Ser-157 being the site of
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prefferential phosphorlyation (Wentworth et al., 2006). However, the full role of VASP in
platelet aggregation is still unclear (Ito et al., 2018). As such the increase in p.VASP
observed when platelets were incubated with planktonic bacteria indicated that the
presence of the bacteria was stimulating the phosphorylation of VASP, and subsequently
increasing the negative regulation of secretory and adhesive events. The increases in
p.VASP were further increased when the platelets were stimulated with ADP, however,
ADP activation of the P2Y1, receptor is meant to prevent the phosphorylation of VASP or
actively dephosphorylate p.VASP (Mallouk et al., 2018). Due to this, the planktonic bacteria
were or potentially interferring with this signalling pathway or that during the incubation
time the platelet receptors have started to become unstable or internalised and are no
longer as reactive to particular stimuli. Yet Thrombin was able to completely
dephosphorylate p.VASP which suggested that the thrombin receptor or signalling
pathway were unaffected and that neither bacteria were able to affect the
dephosphorylation of p.VASP. However, when 5 day biofilms were incubated with
platelets, increases in p.VASP were determined which could indicate an increase in
difficulty of platelet activation due to an increase in p.VASP requiring a greater amount of
agonist required to achieve dephosphorylation. However, after stimulation with ADP no
spikes in p.VASP were determined which demonstrated that some dephosphorylation may
have occurred.

PLCB is one of three PLC enzymes expressed and are soley regulated by G proteincoupled
receptors (GPCRs), with PLCB3 being a predominant form in humans (Varga-Szabo et al.,
2009). PLCB isoforms can trigger a sequence of events that lead to intracellular release of
calcium stores and has been suggest as being a crirital part of platelet signalling (Lian et

al., 2005b). When platelets were incubated with planktonic bacteria S. epidermidis
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appeared to have activated PLCB3 alone when platelets were unstimulated but did not
exacerbate not inhibit ADP or Thrombin induced activation of PLCB3. Whilst increase in
PLCB3 were determined for with both ADP and thrombin stimulated platelets, the greater
increases in PLCB3 demonstrated with Thrombin stimulated platelets is reasonable as
Thrombin has a direct effect on PLCB3 signalling via the Par-1 or Par-4 receptors (Li et al.,
2015). Further, this pathway directly causes an upregulation of calcium release within
platelets, with platelet activation being heavily reliant upon increases in intracellular
calcium, especially within the early stages of platelet activation (Li et al., 2015; Davlouros
et al., 2016). This suggests that changes in the levels of phosphorylated PLCB observed
when platelets were incubated with bacteria could effect platelet signalling. Unlike S.
epidermidis, unstimulated platelets incubated with Ser. marcescens demonstrated
decreases in PLCB3 activation. Further, when stimulated with Thrombin it appeared that
the presence of Ser. marcescens exacerabted the activation of PLCB3, which indicated that
Ser. marcescens were interacting with the platelets or producing a metabolite / toxin that
could interact with the platelets differently to S. epidermidis. Further, the upregulation of
calcium release within platelets is significant as it is known that platelet activation is heavily
reliant upon increases in intracellular calcium, especially within the early stages of platelet
activation (Li et al., 2015; Davlouros et al., 2016). However, when the platelets were
incubated with biofilms most demonstrated no significant changes in the expression of
phosphroylated PLCB with only S. epidermidis and Ser. marcescens biofilms on the smooth
surface even after stimulation. This indicated that potentially due to the bacteria being
within a biofilm and enclosed within an extracellular polymeric substance they were not
directly interacting with the platelets as the planktonic bacteria were which caused

minimal changes in phosphorylated PLCB expression. However, it could likewise be that
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the ADP receptors have started to become unstable or internalised and are no longer as
reactive to particular stimuli. This is a problem known about working with platelets, and
future work could try to counter this effect by adding prostacyclin to the platelets during
preparation to minimise potential activation during incubation times.

RANTES is a chemokine stored in a-granules and released upon platelet activation. It is
capable of triggering responses from the immune system such as triggering monocyte
arrest or increasing the proadhesive and promigratory response of T-lymphocytes
(Shenkman et al., 2004). The greater increase in RANTES release after incubation with a 7
day biofilm compared to a 5 day biofilm indicates that a difference between the two
biofilms exist. It may be that the increased growth time for a 7 day biofilm has increased
the amount of metabolites or toxins produced by the bacteria which may then be
interacting with the platelets to cause RANTES release. Further, as increased RANTES
release has been demonstrated to be related to infection severity this indicated that the 7
day biofilm potentially could cause a greater infection if transfused (Cavaillon et al., 2003;
Ness et al., 2004; Stojewska et al., 2016). RANTES can also inhibit activation of platelets via
ADF-1a potentially as a regulatory role, however, an increase in RANTES could exacerbate
platelet aggregation inhibition and reduce the therapeutic use of platelet transfusions
(Shenkman et al., 2004). However, the work in this study did not demonstrate any
significant changes in platelet activation markers when platelets were incubated in
samples that likely contained elevated RANTES and mixed reactions in regard to platelet
aggregation, but this cannot be definitively attributed to RANTES. Further, it was also
demonstrated that RANTES can reduce the adhesion of platelets to endothelial cells and

modulate the innate immune response to sepsis (Ness et al., 2004; Shenkman et al., 2004).
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6.4 Conclusion

It was apparent that planktonic bacteria had little effect on platelet aggregation or cell
surface receptor display, whilst biofilms had a significant effect on inhibiting platelet
aggregation. The effect of planktonic bacteria on cytokine release was also minimal and
whilst both 5 and 7 day biofilms significantly increase RANTES release the 7 day biofilm
had a greater effect on increasing RANTES release. Planktonic bacteria, especially Ser.
marcescens, did appear to affect the dephosphorylation of VASP and the presence of
biofilms appeared to increase levels of p.VASP prior to platelets activation, demonstrating
an increase in difficulty for platelet activation. A similar trend was found in PLCB3
phosphorylation with planktonic bacteria, whilst the biofilms appeared to have had little
effect on PLCB3 phosphorylation. Overall, it was apparent that the presence of bacteria
had a detrimental effect on platelet function, especially when platelets were in the

presence of a biofilm.
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7.0 Discussion and Conclusion

The initial understanding of the surface properties enabled the progression of this work.
The surface analysis demonstrated that the inner lining of the platelet transfusion bag had
two unique surfaces present, a rough diamond surface and a smoother surface. This
developed into two potential ways of altering the platelet bags to reduce bacterial
attachment and subsequent biofilm formation, by physically altering the topographical
properties of the platelet bag surfaces via hot press and by attempting to alter the
physicochemical properties of the platelet bag surfaces via low temperature atmospheric
pressure plasma (LTAPP) treatment.

Analysis of the surfaces following these two treatment methods demonstrated different
results. Flattening of the surfaces enabled the removal of major topographical features
which enable bacterial attachment, thereby reducing biofilm formation. Only the surface
roughness was shown to be significantly different between the different surfaces (rough,
smooth and flat), with surface chemistry, physicochemistry and tensile strength only
demonstrating minor differences. When the LTAPP treatment was tested, changes in the
physicochemistry were determined as predicted, however the results were inconsistent.
After testing of multiple platelet bags it was determined that the bags themselves had
minor fluctuations present within bags of the same batch and across batches. Further,
when treatment was tested over time it was found that changes in the physicochemistry
fluctuated over a span of a week demonstrating both increases and decreases. As platelet
bags may be stored for months prior to use any treatment with LTAPP may have dissipated
prior to use. Due to these various factors the use of LTAPP for this work was discontinued

but the flattening of the bags was continued.
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After defining the surface properties of the three surfaces, the unmodified rough and
smooth surfaces with the modified flattened surfaces, bacterial attachment and biofilm
formation was determined. Scanning electron microscopy demonstrated that bacteria
preferentially attached within the pits present in the diamond cross print pattern, and it is
known that surface features similar in size to bacteria can increase attachment. This could
be what caused the rough surface to demonstrate the greatest amount of biofilm and
biomass formation. Further, it appeared that the other surface properties had little to no
effect on the biofilm formation as the surface energies of the bacteria and the small
changes in the physicochemistry of the flat surface should have demonstrated an increase
in biofilm formed on the flat surface not the decrease that was observed. However, it may
be that the changes in the surface physicochemistry were too small to be able to influence
any potential increase biofilm formation.

As any clean surface becomes conditioned upon exposure to the environment, it was
important to understand how conditioning films could alter the surface properties. When
bacteria by themselves were conditioned onto the surfaces it was apparent that they had
the smallest effect on the surface properties. This was likely due to the cells not completely
covering a surface, with only a few cells spread out that may influence the surface
properties, whilst also because the bacteria would have no readily available nutrient
sources when conditioned alone, thereby reducing their activity. The conditioning film that
exhibited the greatest effect on the surface properties was the human plasma CF. This was
likely due to the variety of molecules present within human plasma which enabled a
greater amount of molecules adsorption due to binding to different parts of the surface.
When bacteria were combined with human plasma and conditioned onto the surfaces

similar changes to those observed when just human plasma was conditioned were
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observed. However, due to the presence of bacteria with the human plasma the changes
were less pronounced in some instances, such as the physicochemistry, and more
pronounced in other instances, such as SEM or FTIR. Overall, when human plasma was
involved in the CF the effects on the surface properties can be highly significant.

After understanding how bacteria interact with the surfaces it was also important to
understand how bacteria interacted with the platelets themselves. After incubating
platelets with either planktonic bacteria or biofilms, it was apparent that planktonic
bacteria affected the platelets less than biofilms, but also differently. This was likely due
to products produced by biofilms compared to those of unbound planktonic bacteria.
Whilst the bacteria appeared to have minimal effect on platelet receptors the biofilms had
a significant effect on platelet aggregation, with some demonstrating less than half the
aggregation ability than the control. Western blots demonstrated that planktonic bacteria,
especially Ser. marcescens, affected the dephosphorylation of VASP whilst biofilms
appeared to increase levels of p.VASP prior to platelet activation. A similar trend was found
in PLCB3 phosphorylation with planktonic bacteria, whilst the biofilms appeared to have
had little effect on PLCB3 phosphorylation. Further, the cytokine release was upregulated
when platelets were in the presence of biofilms but demonstrated both increases and
decreases when in the presence of planktonic bacteria.

The work done in this study forms the basis of what could potentially be a significantly
larger amount of work, as such some limitations exist. One is that whilst the biofilms were
grown in the same conditions for all experiments, the actual number of bacterial cells
present, either viable or total, was not quantified and could provide further insight. Also,
whilst it is likely that some differences between bacteria may be attributed to their

metabolites/toxins produced, these were not identified. As such, work could be carried
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out to determine what these substances are, such as via liquid chromatography mass
spectroscopy, and also what the effect of the isolated substances had on platelets. Work
could also be carried out on other species that have been implicated in platelet
contamination, such as other Staphylococci spp. or Enterobacter, as they may potential
demonstrate different results to what was demonstrated. Further, due to time limitations,
only two replicates could be done for the western blot data and further replicates would
likely reduce some of the large errors observed.

Overall it was apparent that the surface properties had an effect on biofilm formation,
especially in regard to surface topography. Further, human plasma conditioning films were
capable of altering multiple surface properties including topography, physicochemistry
and surface chemistry. Finally, the presence of bacteria had a detrimental effect on platelet
function, especially when platelets were in the presence of a biofilm. Whilst this work
forms a good basis, more work would have to be carried out before recommending
changes to the blood bags to ensure that they keep platelets viable during storage whilst

reducing bacterial adhesion and biofilm formation.
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